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A hipertensão arterial pulmonar (HAP) é uma síndrome caracterizada por um 
aumento progressivo das resistências vasculares pulmonares e sobrecarga 
sobre o ventrículo direito que potencialmente levam à insuficiência cardíaca 
(IC) direita e consequentemente à morte. A urocortina (UCN)-2 é um péptido 
altamente expresso a nível cardiovascular que tem exibido efeitos terapêuticos 
benéficos tanto em humanos como em modelos animais de IC. Este estudo 
tem como principal objetivo explorar os efeitos da UCN-2 num modelo animal 
de IC ventricular direita (VD), secundário à HAP, e o seu impacto na função 
miocárdica. 
Ratos Wistar machos receberam aleatoriamente uma injeção de monocrotalina 
(MCT) ou veículo. Após 14 dias, os animais foram novamente sorteados para 
receber tratamento com UCN-2 ou veículo. Do estudo resultaram 4 grupos 
experimentais: CTRL, CTRL+UCN-2, MCT e MCT+UCN-2. As avaliações 
ecocardiográficas, estudos hemodinâmicos e colheita de amostras para 
análise morfométrica, histológica e molecular foram realizados 24-25 dias após 
a administração de MCT. 
Os animais injetados com MCT desenvolveram HAP e IC VD, demonstrado 
pelo comprometimento do fluxo pulmonar, dilatação VD e aumento das 
pressões VD, assim como um débito cardíaco diminuído. A administração de 
MCT também levou à hipertrofia VD. O tratamento com UCN-2 conseguiu 
recuperar as alterações induzidas pela HAP na função e estrutura cardíacas. 
Ainda, os animais MCT+UCN-2 tiveram uma maior taxa de sobrevivência 
quando comparados com os MCT. Os estudos moleculares revelaram uma 
expressão genética e uma fosforilação proteica alterada nos animais MCT, de 
alguns componentes do sistema UCN-2/CRHR2. 
Em suma, com este estudo demonstramos que o tratamento crónico com 
UCN-2 é capaz de restaurar as alterações induzidas pela HAP na função e 
estrutura cardíacas, assim como reverter as alterações na expressão de 
marcadores cardíacos de sobrecarga, hipertrofia, hipóxia e apoptose induzidos 
pela doença. Estes resultados sugerem que a via UCN-2/CRHR2 tem um papel 
relevante na fisiopatologia da HAP e progressão para IC, representando um 
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Pulmonary arterial hypertension (PAH) is a syndrome based on diverse 
aetiologies, characterized by a persistent increase in pulmonary vascular 
resistance and overload of the right ventricle (RV), leading to heart failure (HF) 
and death. Urocortin (UCN)-2 is a peptide highly expressed in the 
cardiovascular system that has shown promising therapeutic effects in several 
studies both in humans and animal models of HF. Thus, this study aims to 
explore the effects of UCN-2 treatment in an animal model of RV HF secondary 
to PAH and its impact on myocardial function. 
Male Wistar rats (180-200g) randomly received monocrotaline (MCT, 60mg/kg) 
or vehicle. After 14 days, animals were randomly assigned to receive UCN-2 
treatment (5μg/kg/day) or vehicle. The study resulted in 4 groups: CTRL (n=9), 
CTRL+UCN-2 (n=9), MCT (n=7) and MCT+UCN-2 (n=10). Echocardiographic, 
hemodynamic studies and sample collection were performed 24-25 days after 
MCT administration. Only significant results (mean±SEM, p<0.05) are given. 
MCT animals developed PAH, demonstrated by impaired pulmonary flow, RV 
dilation and increased RV pressures, as well as decreased cardiac output. 
MCT administration also resulted in RV hypertrophy. UCN-2 treatment was 
able to restore PAH-induced severe abnormalities in cardiac function and 
structure. Moreover, Kaplan-Meier analysis showed increased survival rate for 
MCT+UCN-2 rats when compared with the MCT group. The molecular studies 
revealed an altered genetic expression of the UCN-2/CRHR2 system 
components in the MCT animals, as shown by the increase in molecular 
markers of hypertrophy, overload, hypoxia and apoptosis that were reversed 
with UCN-2 treatment. As well as an impaired protein 
activation/phosphorylation seen in peptides pertaining to different signaling 
pathways. 
In conclusion, we show that UCN-2 chronic treatment is able to restore PAH-
induced severe abnormalities in cardiac function and structure, as well as to 
reverse the changes in the expression of markers of cardiac overload, 
hypertrophy, hypoxia and apoptosis induced by the disease. The beneficial 
effects of UCN-2 seem to be associated with the modulation of numerous 
signaling pathways, such as survival and proliferation. These findings suggest 
that the UCN-2/CRHR2 pathway has a relevant role on the pathophysiology of 
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Akt 
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cAMP 
Cyclic adenosine monophosphate 
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Calcium channel blocker 
 
cGMP 
Cyclic guanosine monophosphate 
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Cardiopulmonary exercise testing 
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Corticotropin-releasing hormone receptor type 1 
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Corticotropin-releasing hormone receptor type 2 
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Endothelial nitric oxide synthase 
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Exchange protein activated by cAMP 
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Endothelin receptor antagonist 
 
ERK 1/2 
Extracellular signal-regulated kinases 1 and 2 
 
ESPVR Ees 






Endothelin receptor type A 
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G protein-coupled receptor 
 
GSK-3β 












Human immunodeficiency virus 
 
HPAH 
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Inducible nitric oxide synthase 
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Left ventricle + septum weight 
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Left ventricular end-diastolic pressure 
 
LVEF 












Mean pulmonary arterial pressure 
 
NFAT 
Nuclear factor of activated T cells 
 
NF-κB 






Nitric oxide synthase 
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N-terminal of the prohormone brain natriuretic peptide 
 
p38-MAPK 
p38-mitogen-activated protein kinase 
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Pulmonary arterial hypertension 
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Pulmonary artery peak systolic velocity 
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Pulmonary arterial smooth muscle cell 
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Phosphodiesterase type 5 
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Protein kinase A 
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Protein kinase B 
 
PKC 






Pulmonary vascular resistance 
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Right heart catheterization 
 
RT-PCR 






Right ventricular end-diastolic dimension 
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Right ventricular end-diastolic volume 
 
RVEDP 
Right ventricular end-diastolic pressure 
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Right ventricular end-systolic pressure 
 
RVF 
Right ventricular failure 
 
RVH 
Right ventricular hypertrophy 
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Mothers against decapentaplegia homolog 9 
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Isovolumic relaxation constant 
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Tricuspid annular plane systolic excursion 
 
The Role of Urocortin-2 in Pulmonary Arterial Hypertension 
Master Thesis on Molecular and Cellular Biology 
 
Abbreviations and Acronyms| 11  
 
TGF-β 












Urocortin-2 or stresscopin-related peptide 
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Urocortin-3 or stresscopin 
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Vascular endothelial growth factor 
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Vascular endothelial growth factor receptor type 2 
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Overview of Pulmonary Arterial Hypertension 
The term Pulmonary Hypertension (PH) encircles several disorders mainly characterized 
by the presence of abnormally high pulmonary vascular pressure. Pulmonary arterial 
hypertension (PAH), the largest group of PH, is a syndrome based on diverse aetiologies that 
results from restricted blood flow through the pulmonary arterial circulation resulting in 
increased pulmonary vascular resistance (PVR) and overload of the right ventricle (RV), leading 
to heart failure (HF) and death1. 
 
Definition 
PAH is defined by a mean pulmonary artery pressure (mPAP) equal to or greater than 
25mmHg at rest, and is hemodynamically characterized (Table 1) by the presence of pre-
capillary PH, which implies a normal pulmonary capillary wedge pressure (PCWP) or left 
ventricular end-diastolic pressure (LVEDP) of 15mmHg or less with a PVR greater than 3 Wood 
Units (mmHg/l•min)1, 2. So far there is no sufficient evidence to add an exercise criterion to this 
definition3. 
 
TABLE 1. Hemodynamic definitions of Pulmonary Hypertension* 
Definition Characteristics Clinical Group(s) 
PH mPAP ≥ 25mmHg All 
Pre-capillary PH 
mPAP ≥ 25mmHg 
PWP ≤ 15mmHg 




3. PH due to lung diseases 
4. Chronic thromboembolic PH 






Reactive (out of proportion) 
mPAP ≥ 25mmHg 
PWP > 15mmHg 
CO normal or reduced
#
 
TPG ≤ 12mmHg 
TPG > 12mmHg 
2. PH due to left heart disease 
*All values measured at rest. #High CO can be present in cases of hyperkinetic conditions such as systemic-to-pulmonary shunts 
(only in the pulmonary circulation), anaemia, hyperthyroidism, etc. Abbreviations: CO, cardiac output; mPAP, mean pulmonary 
arterial pressure; PH, pulmonary hypertension; PWP, pulmonary wedge pressure; TPG, transpulmonary pressure gradient (mean 
PAP-mean PWP). Adapted from Galiè et al. (3). 
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Clinical Classification 
Since the first World Symposia on Pulmonary Hypertension (WSPH) in 1973 held in 
Geneva, Switzerland, the clinical classification of PH has gone through a series of alterations. 
Initially, a simple classification divided only in two categories was proposed: primary and 
secondary PH, depending on the presence or absence of identifiable causes or risk factors4, 5. In 
the following WSPHs, new classifications have been proposed based on emerged knowledge 
about PH pathophysiology, clinical features and therapeutic options5, 6. 
The latest classification was established during the fifth WSPH in Nice, France, in 2013 
(Table 2)7 and individualizes five PH categories according to pathological findings, 
hemodynamic characteristics and similar therapy: PAH (Group 1); PH due to left heart diseases 
(Group 2); PH due to chronic lung disease and/or hypoxia (Group 3); chronic thromboembolic 
PH (CTEPH) (Group 4) and PH due to unclear multifactorial mechanisms (Group 5). 
In Group 1, idiopathic PAH corresponds to sporadic disease in which there is no familial 
history nor identified risk factors. When PAH occurs in a familial context, it is labeled heritable 
PAH and emerges from germline mutations mainly in the gene coding for the bone 
morphogenetic protein receptor type 2 (BMPR2) (>70% cases), a member of the transforming 
growth factor beta (TGF-β) signaling family. Mutations like this also have been found in 11-40% 
of idiopathic cases with no familial record8. Several drugs like aminorex, fenfluramine and 
dexfenfluramine (appetite suppressants), and/or toxic rapeseed oil represent a clear risk factor 
for PAH development, therefore it represents an isolated PAH category. The last PAH group 
encircles several diseases closely related to PAH, such as, connective tissue diseases, human 
immunodeficiency virus (HIV) infection, portal hypertension, congenital heart diseases (CHD) 
and schistosomiasis7, 9. 
 
TABLE 2. Updated clinical classification of Pulmonary Hypertension (Nice, 2013) 
1. PAH 
1.1. Idiopathic PAH 
1.2. Heritable PAH 
1.2.1. BMPR2 
1.2.2. ALK1, ENG, SMAD9, CAV1, KCNK3 
1.2.3. Unknown 
1.3. Drugs and toxins induced 
1.4. Associated with (APAH) 
1.4.1. Connective tissue diseases 
1.4.2. HIV infection 
1.4.3. Portal hypertension 
1.4.4. Congenital heart diseases 
1.4.5. Schistosomiasis 
The Role of Urocortin-2 in Pulmonary Arterial Hypertension 
Master Thesis on Molecular and Cellular Biology 
 
Introduction| 15  
 
1’.    Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis 
1’’.   Persistent PH of the newborn (PPHN) 
2. PH due to left heart disease 
2.1. Left ventricular systolic dysfunction 
2.2. Left ventricular diastolic dysfunction 
2.3. Valvular disease 
2.4. Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies 
3. PH due to lung diseases and/or hypoxia 
3.1. Chronic obstructive pulmonary disease 
3.2. Interstitial lung disease 
3.3. Other pulmonary diseases with mixed restrictive and obstructive pattern 
3.4. Sleep-disordered breathing 
3.5. Alveolar hypoventilation disorders 
3.6. Chronic exposure to high altitude 
3.7. Developmental lung diseases 
4. Chronic thromboembolic PH (CTEPH) 
5. PH with unclear multifactorial mechanisms 
5.1. Hematological disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy 
5.2. Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis, 
neurofibromatosis, vasculitis 
5.3. Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders 
5.4. Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure, segmental PH 
Abbreviations: ALK1, activin receptor-like kinase-1 gene; BMPR2, bone morphogenetic protein receptor type II; CAV1, caveolin-1; 
ENG, endoglin; HIV, human immunodeficiency virus; KCNK3, potassium channel subfamily K member 3; PH, pulmonary 
hypertension; PAH, pulmonary arterial hypertension; SMAD9, mothers against decapentaplegic homolog 9. Adapted from 




PAH is considered a vasculopathy, and in general, all PAH subgroups (Group 1) and other 
forms of PH (i.e. PH owing to lung disease and/or hypoxia) exhibit several arterial 
abnormalities mainly present in small pulmonary arteries and arterioles1. The most common 
pathologic features in PH are medial hypertrophy, dilation and intimal atheromas and because 
they are present in all forms of PH, they hold poor diagnostic value. However, PAH is 
characterized by constrictive lesions, which include medial hypertrophy, and intimal and 
adventitial thickening, and by complex lesions that includes plexiform and dilation lesions, as 
well as arteritis10. 
Medial hypertrophy 
Is defined by an increase of the diameter of the medial layer, measured between the 
internal and the external elastic lamina, exceeding 10% of the arteries cross-sectional 
diameter. This abnormality appears in all PAH subgroups and occurs due to pulmonary arterial 
The Role of Urocortin-2 in Pulmonary Arterial Hypertension 
Master Thesis on Molecular and Cellular Biology 
 
Introduction| 16  
 
smooth muscle cell (PASMC) proliferation and/or recruitment to the tunica media. This lesion 
is considered an early event in PAH pathogenesis but it is usually regarded as a reversible 
one10. 
Intimal and adventitial thickening 
This occurs due to the proliferation and recruitment of fibroblasts, myofibroblasts and 
other connective tissue cells, and consequently by the interstitial deposition of collagen, 
leading to fibrosis. This thickening can be uniform (concentric) or focal (eccentric) being the 
former often associated with thrombotic events11. 
Plexiform lesions 
This abnormality affects several vascular compartments and it’s very PAH-
characteristic11. The formation of these lesions occurs due to the local and excessive 
endothelial cell (EC) proliferation, which leads to the formation of capillary-like channels on a 
myofibroblasts, smooth muscle cells (SMC) and connective tissue-rich matrix within the arterial 
lumen12. These lesions are responsible for the expansion and partial destruction of the arterial 
wall, since they tend to enlarge into the perivascular connective tissue. Fibrin, thrombi and 
platelets are frequently encountered in these lesions10, 13. 
Dilation lesions and arteritis 
The first is usually located near a plexiform lesion and is a thin-walled vein-like vessel, 
representing a potential cause for hemorrhages and subsequent fibrosis. In arteritis, necrotic 




Several different cell populations are involved and contribute to these types of lesions14. 
The main mechanisms responsible for this pulmonary vascular dysfunction are the abnormal 
proliferation of SMC and EC, infiltration of inflammatory cells and fibrosis15. However, PAH 
cannot only be associated with cell proliferation but also with apoptotic processes, since it is 
supposed that an imbalance between these two events is the major responsible for the 
narrowing of pulmonary arteries in PAH16. 
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Smooth muscle cells and fibroblasts 
All forms of PAH have in common the migration and proliferation of SMC, which in 
general is accompanied by the migration of fibroblasts and formation of an extracellular matrix 
layer. This uncontrolled proliferation of SMCs ultimately leads to media hypertrophy, also 
contributing to the thickening of the intima and adventitia layers of the pulmonary vessels17. 
The formation of an extracellular matrix and myofibroblasts between the endothelium and 
internal elastic lamina is termed neointima. Another PAH characteristic feature is the increase 
in vasa vasorum neovascularization which mainly affects the adventitia, being able to expand 
to the media18. 
Endothelial cells 
In response to shear stress, hypoxia, inflammation and/or other stimuli, ECs proliferate 
beyond limit and generate plexiform lesions19. ECs in response to these stimuli may undergo 
through changes in proliferative and apoptotic processes, as well as changes at the functional 
level. Endothelial dysfunction eventually results in a clear imbalance between the production 
and release of vasoconstrictors/vasodilators, activator/inhibitory growth factors, 
prothrombotic/antithrombotic mediators and proinflammatory/anti-inflammatory signals20, 21. 
Inflammatory cells 
In certain forms of PAH (i.e. PAH associated with auto immune diseases) the 
inflammatory response plays an important role, since some patients improved both clinically 
and hemodynamically when administered immunosuppressant therapy. A fraction of patients 
(30-40%) have circulating auto-antibodies and elevated plasma levels of interleukin (IL)-1 and 
IL-6. Moreover, some inflammatory cells, such as lymphocytes and macrophages, can also be 
found in plexiform lesions20. 
Thrombosis and platelet dysfunction 
Some PAH patients exhibit elevated plasma levels of fibrinopeptides, along with von-
Willebrand factor and plasminogen activator inhibitor type 1, reflecting an abnormal 
coagulation process and endothelial dysfunction, respectively. Both events are very important 
in PAH development because they can generate or aggravate in situ thrombosis. Platelets also 
participate in vasoconstriction and vascular remodeling, since they are able to produce 
prothrombotic, vasoactive and mitogenic factors22. 
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MOLECULAR ABNORMALITIES 
The molecular abnormalities seen in PAH patients are normally associated with 
increased endothelin (ET)-1 levels and decreased nitric oxide (NO) and prostacyclin levels, 
since these factors influence vascular homeostasis, cell survival and proliferation, among other 
processes. 
Prostanoids 
Prostacyclin or prostaglandin I2 (PGI2) and thromboxane A2 (TXA2) belong to the 
prostanoids family and are produced from arachidonic acid metabolites. The former is a potent 
vasodilator and inhibitor of platelet activation and cellular proliferation, while TXA2 is a 
vasoconstrictor and promotes these cellular mechanisms1. PGI2 is produced in vascular ECs 
and acts on vascular smooth muscle cells (VSMC) as well as circulating platelets and cells, via 
the cyclic adenosine monophosphate (cAMP) pathway23. In PAH patients, the expression of 
PGI2 synthase in pulmonary arteries is reduced and therefore the production of prostacyclin in 
ECs is evidently decreased24. 
Endothelin-1 
This 21-amino acid vasoactive peptide is expressed in several mammalian tissues in 
different types of cells and is responsible for the regulation of vascular tone. ET-1 exerts its 
effects through the interaction with two types of receptors, endothelin receptor-type A (ETA) 
and –type B (ETB), which belong to the G-protein-coupled receptors (GPCRs) family and are in 
general highly homologous. In PASMCs, when activated, both receptors have a vasoconstrictor 
effect, while in pulmonary arterial endothelial cells (PAEC), ETA is not expressed and the 
activation of ETB leads to vasodilatation
25. EC dysfunction usually leads to ET-1 overexpression, 
which results in vasoconstriction and reduced synthesis of NO and prostacyclin, worsening the 
vasoconstrictor response. The upregulation of ET-1 is also involved in inflammatory responses 
and increased fibrosis15. In PAH patients, ET-1 levels are elevated and it’s clearance in the 
pulmonary vasculature is reduced. The plasma levels of this peptide can be correlated with the 
severity of PAH and its prognosis26, 27. 
Endothelial nitric oxide 
NO is a 30Da lipophilic gaseous molecule that can be synthesized in mammalian tissues 
via activation of either one of the three NO synthase (NOS) isoforms, which have the ability to 
catalyze the formation of NO from L-arginine in a two-step reaction. NO is a vasodilator that 
modulates several physiological processes, being also capable of inhibiting leukocyte adhesion, 
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platelet aggregation, thrombus formation, and vascular proliferation23. Endothelial NOS (eNOS) 
can be activated either by GPCR signal transduction, which increases intracellular Ca2+ levels 
and, subsequently, levels of Ca2+-calmodulin; Akt signaling; vascular endothelial growth factor 
(VEGF) and hormonal stimuli (e.g. estrogen and insulin)25. In both animal models of PH and 
humans with this syndrome, decreased pulmonary vascular eNOS activity is observed, along 
with loss of NO bioavailability, which is linked to impaired endothelium-dependent and -
independent vasodilatation, increased PASMC mitogenesis and platelet aggregation25, 28. 
Phosphodiesterase inhibition 
Phosphodiesterase (PDE) enzymatic activity is implicated in the endogenous degradation 
of cAMP29, and currently, eleven PDE isoforms are known in mammalian tissue30. More 
specifically, in the setting of PH, PDE type-5 has gaining some interest since it was identified in 
elevated concentrations in PASMCs, platelets and myocytes. PDE-5 regulates cyclic guanosine 
monophosphate (cGMP) bioactivity via hydrolysis of cGMP to 5’-GMP and allosteric binding of 
cGMP to PDE-5, which induces a conformational change to the structure of the latter, that 
positively feeds back to promote cGMP metabolism25. In a setting of PAH, expression of PDE-5 
is increased in both PASMCs and RV myocytes31,32 being associated with decreased levels of 
NO, pulmonary vascular dysfunction and impaired RV lusitropy33. In PASMCs in vitro, PDE-5 
inhibition reduces DNA synthesis/cell growth, cellular proliferation, and suppression of 
apoptosis32, being also linked to decreased thrombotic burden in CTEPH, presumably by 
increasing bioactive cGMP levels in platelets to inhibit platelet aggregation34. 
Potassium channels 
The inhibition of voltage dependant potassium channels in PASMC results in membrane 
depolarization and opening of voltage dependant calcium channels, which leads to an increase 
in [Ca2+]i and cellular contraction
11. This inhibition can result from a variety of stimuli, such 
hypoxia or anorexigens35. Some of these channels are downregulated in PAH patients36. 
Serotonin 
Serotonin (5-hydroxytryptamine, 5-HT) is a vasoconstrictor agent that is also capable of 
promoting PASMC hypertrophy and hyperplasia1. While 5-HT transporter (5-HTT) facilitates the 
induction of proliferation since it carries 5-HT into PASMCs, the 5-HT1B receptor mediates 
vasoconstriction, both contributing to PAH pathogenesis37. PAH patients usually present 
elevated plasmatic concentrations of 5-HT38. 
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Rho proteins 
Several cellular functions such as contraction, migration, proliferation and apoptosis are 
regulated by Rho proteins and especially Rho protein A and Rho kinases have been implicated 
in PAH vasoconstriction and vascular remodeling39. The signaling pathway involving these 
proteins is directly involved in 5-HTT-mediated PASMC proliferation and platelet activation 
during PH progression40. 
 
GENETIC MUTATIONS 
If not associated with other clinical condition or induced by toxins, PAH can be either 
idiopathic or heritable. This disease segregates an autosomal dominant trait with a markedly 
reduced penetrance, since only 10-20% of individuals that carry the mutation will develop 
PAH41. The BMPR2 is a serine/threonine receptor kinase that belongs to the family of TGF-β. In 
58-74% of PAH patients with familial history of the disease, and in 35-40% of idiopathic PAH 
patients, germline BMPR2 mutations can be detected42,43. Mutations in BMPR2 cause an 
aberrant signal transduction in PASMC, resulting in an imbalance between apoptosis and 
proliferation in favor of the latter44. Other two PAH predisposing genes are ALK1 that codes for 
Activin-Like Kinase type I receptor, present in ECs, and ENG (endoglin), and are most common 
in patients displaying hereditary hemorrhagic telangiectasia45, 46. Most recently, a few studies 
described mutations in more than one SMAD genes47. Interestingly, all genes mentioned above 
encode proteins involved in the TGF-β signaling pathway, which may be a trigger for 
pulmonary vascular remodeling since this signaling pathway controls growth, differentiation 
and apoptosis in different cell types48. 
 
The Right Ventricle 
Though the development of right heart (RH) failure is secondary to pulmonary vascular 
remodeling in PAH, the former is the immediate cause of death in most patients. Therefore, 
the integrity of RV function, rather than the degree of vascular injury, is the major determinant 
of prognosis in PAH49. The abnormal changes that occur in the pulmonary arteries of PAH 
patients, at first leads to vessel narrowing and/or obstruction, which then results in a 
progressive increase in PVR and mPAP50. 
In a normal heart, the RV, which differs anatomically from the left ventricle (LV), is able 
to adapt and respond to an increase in load with an increase in contractility since its thin wall, 
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crescent shape and greater compliance give the RV the ability to adapt rapidly to changes in 
volume and pressure load49. 
In PAH patients, initially the RV copes with increased afterload, with an enhanced 
contraction and a concentric RV remodeling, while the right atrium pressure remains normal. 
The rise in ventricular pressures increases diastolic and systolic stretch on the RV wall, which 
firstly leads to an increase in muscle mass – adaptive hypertrophy – due to increased protein 
synthesis and cardiomyocyte size. However, if the pressure overload is maintained, the RV 
cannot sustain the adaptive hypertrophy and eventually dilates, without any increase in RV 
contractility, despite further increases in load, reaching a state called uncoupling of the RV51. 
The mechanisms involved in further adaptation of the RV and decline of its contractility 
are poorly understood, but it is thought to be associated with an imbalance between oxygen 
supply and demand52, increased chronic sympathetic activation53, oxidative and nitrosative 
stress, immune activation and cardiomyocyte apoptosis51. 
The increase in ventricular volume may also lead to tricuspid regurgitation, which results 
in RV volume overload and thus further RV decline. The latter is accompanied by an increase in 
RV contraction time and ventricular asynchrony together with a decrease in RV stroke volume 
(SV), leading to underfilling of the LV54. The impaired LV filling in concert with RV dysfunction 
contributes to the evident decline in cardiac output (CO) seen in severe cases of PAH, and if 
not interrupted, these circle of events end in RH failure and eventually death50. 
 
Epidemiology and Survival 
PAH is a rare and seriously underdiagnosed syndrome, with an estimated prevalence of 
15-50 cases per million people and an incidence of 2.4 cases per million people per year, 
however the prevalence in certain at-risk groups is substantially higher55. For instance, 
according to the French registry, in the associated PAH subgroup, 15.3% PAH patients had 
connective tissue diseases, 11.3% had congenital heart diseases, 10.4% had portal 
hypertension, 9.5% had anorexigen-associated PAH and 6.2% had HIV infection43. Idiopathic 
PAH is 2-4 times more common in women than in men and accounts for at least 40% of PAH 
cases, with associated PAH accounting for the majority of the remaining cases55. 
The published data regarding Portugal is scarce, but according to the recent Portuguese 
nationwide registry, in a cohort of 79 patients, 58.2% were classified as having PAH. This study 
showed a clear preponderance of women among PAH patients, with a female/male ratio of 
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1.9:1. The majority of patients were between 21 to 60 years of age. Idiopathic PAH was 
present in 37% of the patients, followed by connective tissue disease (26%), congenital heart 
disease (22%), portopulmonary hypertension (11%), familial (2%) and other etiologies (2%)56. 
In treated PAH patients, the survival rates improved to 96% after 1 year and 89% after 2 
years57. While the untreated patients, face an estimated mean survival of 2.8 years, with 1-, 3- 
and 5-years survival rate of 68%, 48% and 34%, respectively58.  
 
Symptoms 
Due to the non-specific nature of the symptoms, PAH is frequently diagnosed when 
patients have reached an advanced stage of disease43. The most common early symptoms 
include breathlessness, fatigue, weakness, angina, syncope and abdominal distension. 
Regarding physical signs, normally there is a left parasternal lift, an accentuated pulmonary 
component of the second heart sound, a systolic murmur of tricuspid regurgitation, a diastolic 
murmur of pulmonary insufficiency and a RV third sound. In a more advanced stage, patients 




The evaluation of a patient with suspected PH requires a series of tests and exams 
intended to confirm the diagnosis, clarify the clinical group of PH and the specific etiology 
within the PAH group, being also important to evaluate the functional and hemodynamic 
impairment present3. 
Initially, patients with suspected PAH undergo a transthoracic echocardiography, which 
is an ultrasound-based technique that provides several variables that can be correlated with 
RH hemodynamic parameters59 and it is normally performed in cases of suspected PH, as a first 
approach. In order to confirm the diagnosis of PAH, a RH catheterization (RHC) is necessary 
and also useful to assess the severity of hemodynamic impairment and to test the 
vasoreactivity of the pulmonary circulation60. Patients with idiopathic PAH, who might benefit 
from long-term calcium-channel blocker (CCB) therapy are normally subjected to this acute 
vasodilator test, which is performed at the time of RHC through the administration of 
pharmacologic agents61. Patients with evident RH failure or hemodynamic instability are 
excluded from the test3. 
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In patients of suspected PAH, evaluation of other potential etiologies, such as 




Both clinical and hemodynamic assessments derive from patients cohort’s data and 
therefore may not accurately reflect the prognosis of individuals with the disease. However, 
they yield important predictive information which may guide clinical management. Despite 
large inter-observer variation in the measurement, WHO functional class (WHO-FC), depicted 
in Table 3, remains a powerful predictor of survival.  
 
TABLE 3. Functional classification of PH modified after the New York Heart Association      functional 
classification according to the WHO 1998. 
Class I 
Patients with PH but without resulting limitation of physical activity. Ordinary physical activity 
does not cause undue dyspnoea or fatigue, chest pain, or near syncope. 
Class II 
Patients with PH resulting in slight limitation of physical activity. They are comfortable at rest. 
Ordinary physical activity causes undue dyspnoea or fatigue, chest pain, or near syncope. 
Class II 
Patients with PH resulting in marked limitation of physical activity. They are comfortable at 
rest. Less than ordinary activity causes undue dyspnoea or fatigue, chest pain, or near 
syncope. 
Class IV 
Patients with PH with inability to carry out any physical activity without symptoms. These 
patients manifest signs of RH failure. Dyspnoea and/or fatigue may even be present at rest. 
Discomfort is increased by any physical activity. 
Abbreviations: RH, right heart; PH, pulmonary hypertension. Adapted from Galiè et al. (3). 
 
Echocardiographic evaluation remains a good tool to access cardiac structure and 
function since it is non-invasive and generates many indices, such as pericardial effusion, right 
atrial area (RAA), RV and pulmonary artery dimensions62 and RV Doppler index63, which carry a 
high prognostic value. Also, tricuspid annular plane systolic excursion (TAPSE) has been 
reported to be of prognostic value64. Amongst the hemodynamic measurements, mPAP has 
some prognostic value, but it is less reliable as it may fall towards the end stage of the disease 
as the RV fails. Some studies suggest that reduced arterial O2 saturation, low systolic blood 
pressure, and increased heart rate (HR) carry a worse prognosis65. 
For the assessment of exercise capacity of patients with PAH the 6-minute walk test 
(6MWT) and the cardiopulmonary exercise testing (CPET) are used. The former is technically 
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simple, inexpensive, reproducible and well standardized, and in addition to distance walked, 
dyspnoea on exertion (Borg scale) and finger O2 saturation are also recorded. However, this 
test is not sufficiently validated in PAH subgroups and it can be influenced by body weight 
(BW), gender, height, age and patient motivation66. In CPET, gas exchange and ventilation are 
continuously recorded during incremental exercise. In PAH patients, O2 uptake at the 
anaerobic threshold and peak exercise are reduced in relation to disease severity, as well as 
the peak work rate, peak heart rate, O2 pulse and ventilatory efficiency
67. 
Recently some biomarkers have emerged as an attractive non-invasive tool to monitor 
RV dysfunction in patients with PAH and to evaluate the prognosis severity. For instance, brain 
natriuretic peptide (BNP) induces vasodilatation and natriuresis as it is released from the 
myocardium in response to wall stress. The biologically inactive N-terminal segment (NT-
proBNP), derived from the cleavage of a higher molecular weight precursor of BNP (proBNP), 
has an extensive half-life and is very stable even after sampling, providing a useful quantifiable 
marker. The baseline median value of BNP which distinguishes a good from a bad prognosis is 
150pg/mL68. Low or decreasing BNP/NT-proBNP levels may be a useful marker of successful 
disease control in PAH. Increased levels of Troponin T and Troponin I in plasma represents a 
marker of myocardial damage and are useful prognostic indicators in acute coronary 
syndromes and acute pulmonary embolism. However, the monitoring value of the cardiac 
Troponin T levels in plasma still requires confirmation since in some patients they disappear 
temporarily or permanently after treatment initiation69. Currently there are other circulating 
biomarkers under investigation70, 71, still waiting for clinical validation. 
Patients who experience falling exercise capacity, syncope, hemoptysis and have signs of 
RV failure carry a poor prognosis. If untreated, PAH patients show a median survival of 6 
months for WHO-FC IV, 2.5 years for WHO-FC III, and 6 years for WHO-FC I and II3 (Table 4). 
 
TABLE 4. Determinants of Pulmonary Arterial Hypertension* prognosis 
Determinants of Risk Lower Risk (Good Prognosis) Higher Risk (Poor Prognosis) 
Clinical evidence of RV failure No Yes 
Progression of symptoms Gradual Rapid 
WHO class
‡
 II, III IV 
6MW distance
§
 Longer (>400 m) Shorter (<300 m) 
CPET Peak VO2 >10.4 mL/kg/min Peak VO2 <10.4 mL/kg/min 
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Echocardiography Minimal RV dysfunction 
Pericardial effusion, significant RV 
enlargement/dysfunction, RA 
enlargement 
Hemodynamics RAP <10 mmHg, CI >2.5 L/min/m
2





 Minimally elevated Significantly elevated 
*Most data available pertains to idiopathic PAH. One should not rely on any single factor to make risk predictions. ‡The WHO class 
is the functional classification for PAH and is a modification of the New York Heart Association functional class. §6MW distance is 
also influenced by age, gender, and height. #As there is currently limited data regarding the influence of BNP on prognosis, and 
many factors including renal function, weight, age and gender may influence BNP, absolute members are not given for this 
variable. Abbreviations: 6MW, 6-minute walk; BNP, brain natriuretic peptide; CI, cardiac index; CPET, cardiopulmonary exercise 
testing; peak VO2, average peak oxygen uptake during exercise; RA, right atria; RAP, right atrial pressure; RV, right ventricle; WHO, 
World Health Organization. Adapted from Mclaughlin et al. (1). 
 
Therapy 
Currently the pathogenesis of PAH is poorly understood and although the existing 
treatments can improve clinical symptoms, they cannot cure PAH. 
 
GENERAL MEASURES 
Physical activity adapted to patient’s symptoms is recommended and though there is no 
evidence of cardiac hemodynamic improvement, 6MWD and quality of life seem enhanced. 
Oxygen therapy may also be an option, especially in patients with chronic obstructive 
pulmonary disease while hypoxic conditions should be avoided, such as high altitude travel. 
Pulmonary infections should be prevented since they can deteriorate PH symptoms. Pregnancy 
should also be avoided since it contributes to 30-50% mortality in PAH patients23. 
In some cases, non-specific drugs such as diuretics and anticoagulants, can be 
administered, since they have the ability to decrease RV overload and in situ thrombosis, 
respectively, improving PAH symptoms23. 
Calcium channel blockers 
Because initially vasoconstriction was assumed to be a preponderant mechanism in PAH, 
CCBs were introduced as part of PAH therapy and in some cases they are able to induce a 
beneficial vasodilator response72,73. This therapy is only indicated in patients that showed a 
positive vasodilatation reaction after inhaled NO. In the absence of acute vasoreactivity, CCB 
therapy must be avoided, since it can dramatically reduce CO and systemic blood pressure. 
Moreover, CCB is not advised in pulmonary veno-occlusive disease because of the risk of 
pulmonary edema61. 
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SPECIFIC TREATMENT 
The growing knowledge about the interplay between signaling pathways in pulmonary 
arterial ECs and SMCs, lung fibroblasts, and RV myocytes that occur in response to injury has 
led to the development of PAH-specific pharmacotherapies23, already approved for the 
treatment of PAH. 
Prostanoids 
PGI2 or prostacyclin, is an arachidonic acid produced by ECs that induces relaxation in 
both systemic and pulmonary vascular smooth muscle and inhibits platelet aggregation 
through the increase in intracellular cAMP levels15. PGI2 also plays an important role in 
antiproliferative, antithrombotic, antimitogenic and immunomodulatory activity23. In fact, 
patients with PAH have reduced endogenous prostacyclin, which contributes to the 
pathogenesis of the disease24. 
Phosphodiesterase type-5 inhibitors 
The vasodilator activity of NO in VSMC is achieved through the up-regulation of cGMP, 
whose metabolism depends on the activation of PDEs, since the latter is responsible for the 
hydrolytic breakdown of cGMP. Three types of PDEs enzymes can be found in pulmonary 
arterial contractive cells, but PDE-5 is the most expressed isoform in pulmonary circulation23. 
Endothelin receptor antagonists 
ET-1 is a potent vasoconstrictor and a SMC mitogen that contributes to the development 
of PAH. Elevated ET-1 levels are frequently correlated with poor prognosis in PAH patients. 
Endothelin receptor antagonists (ERAs) act by blocking the binding of ET-1 to its receptors, 
inhibiting its downstream effects. So far, several types of ERAs have been identified and differ 
in their selectivity to ETA and ETB receptors
74. 
In short, currently several PAH-specific drugs are available, however they are not able to 
cure PAH, and some of them show adverse side effects, such as teratogenic effects, hepatic 
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Animal Models of Pulmonary Hypertension 
In order to better understand the pathophysiological mechanism and remodeling 
process behind PH, and search for novel therapeutic agents, a variety of animal models have 
been developed and characterized. 
These experimental in vivo models mimic certain histological and molecular features 
seen in PH pathophysiology in humans. These include endothelial dysfunction, muscularization 
of previously non-muscular arterioles and increased medial thickness of normally muscularized 
arterioles, in situ thrombosis and plexiform lesions appearance77. Chemical agents78,79, genetic 
techniques80,81, environmental factors82 and surgical procedures83 can be used to induce PAH-
associated alterations in animals (Table 5). 
Currently, monocrotaline (MCT) administration and chronic exposure to hypoxia are the 
most widely used models of PH in translational research due to their good reproducibility and 
well described histopathology. 
MCT is a pyrrolizidine alkaloid extracted from Crotalaria spectabilis seeds and when 
administered in rats it is metabolized by several oxidases present in the liver, producing the 
reactive bifunctional cross-linking compound MCT pyrrole. Because this compound has a short 
half-life and the pulmonary circulation represents the first major vascular bed following liver, 
its toxic effect concentrate on pulmonary vessels without affecting the systemic circulation77. 
After MCT injection, rats undergo a severe inflammatory reaction, followed by EC death 
and loss of small peripheral arteries, as well as an increase of the alveoli/arteries ratio. In the 
first two weeks no clinical disorder can be noticed, whereas in the following 2-4 weeks, the 
animal’s state begins to deteriorate due to the progressive thickening of the media, 
muscularization of non-muscularized arteries, along with an adventitial proliferation. These 
abnormalities lead to a progressive increase in mPAP and PVR, ultimately leading to RV 
hypertrophy (RVH) and increased RV systolic pressure (from 25 to 80 mmHg). At this stage, 
animals show impaired breathing and cyanotic mucus membranes, acquiring also a hunched 
posture, being visibly sick. After 4-6 weeks of MCT-administration, animals develop severe PH 
with a compensatory RVH, due to the increase in PVR. Following this stage and with a 
progressive increase in PVR, the RV function deteriorates and eventually the animals die of RV 
failure. However, due to the different pharmacokinetics of MCT among different rat strains, 
and even between individuals, differences in time of onset and extent of toxic effects can be 
seen84. 
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TABLE 5. Experimental animal models of Pulmonary Hypertension 
 
Experimental model Animal species 




Acute and chronic 
hypoxia 
Bird, cow, dog, 
guinea pig, 
mouse, pig, rat, 
sheep 
Increased muscularization of resistance 
vessels in chronic bronchitis, cystic fibrosis, 
chronic obstructive pulmonary disease, 
hypoventilation and chronic heart disease. 
Increased flow 
Dog, pig, rat, 
sheep 






Dog, pig, rat, 
sheep 
Vascular obliteration and increased 
muscularization in chronic pulmonary 
thromboembolism 




Dog, rat, sheep 
Increased muscularization and vascular 
inflammation in drug-induced PH 
α-Naphthylthiourea Rat 
Pulmonary edema and increased 




Fibrosis and increased muscularization in 




Vasoconstriction in persistent PH of the 
newborn 
Molecular stimuli 
VEGFR-2 inhibition + 
hypoxia 




Muscularization and vascular occlusion in 
primary and secondary PH 
Genetic stimuli 
Fawn-hooded rat Rat 
Genetic predisposition resulting in increased 
muscularization 
Broiler chickens Chicken 
Genetic predisposition resulting in increased 
muscularization 
BMPR2 knockout Mouse 





Genetic predisposition resulting in plexiform 
lesions 
Abbreviations: BMPR2, bone morphogenic protein receptor type II; PH, pulmonary hypertension; VEGFR-2, vascular endothelial 
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Overview of Urocortin-2/CRHR2 System 
Urocortins (UCNs) belong to the corticotropin-releasing hormone (CRH) family which 
includes CRH, fish urotensin I, frog sauvagine, UCN-1, UCN-2 (or stresscopin-related peptide) 
and UCN-3 (or stresscopin)85. The various actions of the CRH family of peptides are mediated 
via CRH receptors (CRHRs) that derive from two distinct genes termed CRHR1 and CRHR2
86. 
These peptides and their receptors are ancient signaling molecules that allow organisms 
in development to coordinate physiological responses to a changing environment85. The CRH 
family seem to have overlapping roles in different tissues namely the immune, digestive, 
central nervous, reproductive and cardiovascular systems, with their relative importance in 
each system dependent upon their site of production, plasma distribution and specific 
receptor affinity87. 
UCN-2 is a peptide highly expressed within the cardiovascular system and has shown 
promising effects in multiple studies in both animals88-90 and humans91,92. Therefore, UCN-2 
expression and activity in the heart, particularly its therapeutic potential in terms of cardiac 
protection has gaining interest in the field of cardiovascular research. 
 
Molecular Structure 
UCN-1 is a 40 amino acid (aa) peptide related to CRH (45% sequence identity) and 
urotensin (63% sequence identity)93. The parent peptide, composed of 122 aa, has an N-
terminal methionine and a consensus signal peptide sequence, whilst the carboxy terminus of 
the precursor contains the C-terminally amidated peptide of UCN-1. The CRH analogue 
peptides have a helical conformation and the C-terminal helices are amphipathic, whereas the 
N-terminal helices differ in their amphipathicity. The amphipathic N-terminal helices might 
play an important role in selectivity of the analogues to CRHR1, but may not be as essential for 
CRHR2 binding. The link between N- and C-terminal helices could also play a fundamental role 
in ligand-receptor interactions94. 
UCN-2, a 38 aa peptide, shows reasonable homology with rat and human CRH (34%), 
UCN-1 (43%) and UCN-3 (37–40%)95. Mouse UCN-2, but not human UCN-2, is processed at the 
C terminus, resulting in an amidated residue that is further cleaved to a smaller bioactive form. 
The prohormones of both UCN-1 and UCN-2 are heavily glycosylated and are capable of 
activating CRHR2
96. 
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The CRHR1 and CRHR2 are membrane-bound proteins that belong to the class B1 of the 
family of seven transmembrane GPCRs and are encoded by two distinct genes, at least in 
mammals, which are expressed in numerous tissues. Both receptors, bind all members of the 
CRH family, albeit with different affinities97. 
Concerning receptor structure, they have an aa homology of about 70%, while exhibiting 
an approximately 47% divergence at the N-terminal extracellular domain (ECD), a major ligand 
binding site, which serves to dock peptide ligands via its C-terminal segment. This is consistent 
with their distinct actions and agonist selectivity, which is important for their unique 
physiological roles when co-expressed in the same tissue98. Early studies identified a number 
of aa within the ECD region crucial for the binding of CRHR1 receptor agonists and antagonists. 
Both CRHR1 and CRHR2 ECDs contain a short consensus repeat fold, characteristic of the ECD of 
class B1 GPCRs and important in activating the receptor by inducing a helix formation towards 
the N-terminus of the ligand to generate a conformational active state99,100. 
 
Tissue Distribution 
In the brain, UCN-1 expression is most prominent in the Edinger Westphal nucleus and 
lateral superior olive. UCN-1 mRNA or immunoreactivity has also been reported in other brain 
regions including the hypothalamus and it seems to be co-localized with dopamine. UCN-1 
distribution has also been verified in peripheral tissues such as heart, adrenal gland, skeletal 
muscles, placenta, skin, immune system, and gastrointestinal tract101. 
UCN-2 has a similar pattern of distribution relative to UCN-1 in the mouse and rat 
central nervous systems. In peripheral tissues, high levels of UCN-2 have been detected in the 
heart, adrenal gland, placenta, stomach, skin, ovaries, gastrointestinal tract, uterine smooth 
muscle, skeletal muscle and peripheral blood vessels101. 
In contrast, UCN-3 exhibits a different distribution from UCN-1 and UCN-2, since it’s 
found predominantly within the hypothalamus and amygdala. Several major UCN-3 terminal 
fields have been recognized, including the lateral septum and the ventromedial hypothalamus 
which are known to express high levels of CRHR2, supporting the notion that UCN-3 is an 
endogenous ligand101. In human peripheral tissues, immunoreactive UCN-3 is expressed in the 
adrenals, heart and kidney (particularly the distal tubules)102. 
Regarding the receptors, CRHR1 is not detected in the heart, while CRHR2 is highly 
expressed in cardiomyocytes86. In the heart, CRHR2 has two splice variants – CRHR2α which is 
The Role of Urocortin-2 in Pulmonary Arterial Hypertension 
Master Thesis on Molecular and Cellular Biology 
 
Introduction| 31  
 
detected in all chambers of the human heart, and CRHR2β which seems to be restricted to the 
left atrium86. This latter isoform is also found in endothelial and SMCs of the systemic 
vasculature103. This observation triggered investigation of UCN-2 as an important physiological 
peptide in the cardiovascular system. 
The half-life of UCN-1 and -2 in humans is approximately 50104,105 and 10 minutes92, 
respectively. The exact half-life of UCN-3 in man is not yet known, but it appears to have a 
shorter interval of action, at least in healthy sheeps106. 
 
Intracellular Signaling Pathways 
UCN-2 appears to exert its effects mainly through interaction with CRHR2 on target cells, 
since it shows no appreciable binding affinity for the CRHR1
107. Upon agonist binding, CRHRs 
undergo a structural conformation alteration, activating the coupled heterotrimeric G protein 
which mediates a wide range of intracellular pathways101. 
The CRH family of peptides achieves its physiological effects mainly via activation of the 
adenylyl cyclase (AC)-cAMP signaling pathway108, which initiates intracellular events resulting 
in post-translational modifications of target proteins by protein kinase A (PKA) and/or other 
kinases, and alteration of gene transcription regulation by cAMP response element-binding 
(CREB) proteins109. However, some studies88,110 have shown that pharmacological inhibition of 
the cAMP/PKA pathway failed to abolish the biological effects of CRH and related agonists, 
suggesting that these peptides and their receptors are able to induce cellular events through 
alternative signaling pathways, as will be further discussed. 
Several studies suggest that signaling transduction by UCN-2 and related peptides, 
begins by an increase in cAMP-dependent PKA activity103, 111 and downstream PKA/A-kinase 
anchoring protein (AKAP) interactions112. UCN-2-binding to CRHR2 promotes an increased 
activation of extracellular-signal-regulated kinase (ERK) 1/288, 113 and exchange proteins 
activated by cAMP (EPAC), which appears to play a role in cAMP-dependent ERK1/2 
activation114, 115. The phosphatidylinositol-3 kinase (PI3K)/protein kinase B (Akt) pathway is also 
known to be activated by this peptide108, 112, 116, 117, and it is particularly important in cardiac 
and skeletal muscle since it helps regulate phospholamban (PLB) phosphorylation, along with 
PKA, controlling the inhibition of sarco/endoplasmatic reticulum calcium-ATPase (SERCA)118. 
Another signaling pathway induced by CRHR2 activation is Ca
2+/calmodulin-CaMKII, 
which along with PKA, is important for intracellular Ca2+ homeostasis given that they have the 
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ability to phosphorylate key Ca2+-regulating proteins like the L-type Ca2+ channel, the 
ryanodine receptor and PLB119. The activation of these proteins leads ultimately to increased 
Ca2+ influx, sarcoplasmic reticulum (SR) Ca2+ content and accelerated [Ca2+]i transients
119, 120. 
UCN-2 also interferes with the opening of K+ channels, leading to a hyperpolarized state, which 
increases the driving force for Ca2+ entry in the cell121. 
Regarding the NO/cGMP pathway, it seems that, in contrast to CRHR1, CRHR2 activation 
in human umbilical vein endothelial cells (HUVECs) leads to an increased expression of 
inducible NOS (iNOS)122. In pigs, UCN-2 administration induces NO release via activation of 
CRHR2
89, leading also to increased Ca2+ influx since UCN-2 causes eNOS activation through 
CRHR2-cAMP and CaMKII-dependent signaling
120. 
Recently, the mechanism that leads to eNOS phosphorylation and NO release was 
established in isolated rabbit ventricular myocytes, where CRHR2 activation through UCN-2 
caused an increase in phosphorylation of Akt (Ser473 and Thr308), eNOS (Ser1177) and ERK1/2 
(Thr202/Tyr204). It appears that the MEK1/2-ERK1/2 pathway is not required for stimulation 
of NO signaling in these cells because eNOS phosphorylation was not suppressed by inhibition 
of MEK1/2. The other two pathways, cAMP-PKA and PI3K-Akt, converge on eNOS 
phosphorylation and result in pronounced and sustained cellular NO production with 
subsequent stimulation of cGMP signaling since, when both of these pathways were inhibited, 
the UCN-2-induced increases in [NO]i were attenuated
117. 
In myocytes, UCN-2 also induces the secretion of both atrial natriuretic peptide (ANP) 
and BNP from these cells via CRHR2
123. In SMCs, UCN-induced intracellular cAMP accumulation 
contributes to increased IL-6 release, and both protein kinase C (PKC) and p38 mitogen-
activated protein kinase (MAPK) signaling cascades are involved downstream of this 
pathway124. Furthermore, in neonatal rat cardiomyocytes, this increase in IL-6 release was 
induced by CRHR2, in a NF-κB-dependent manner
125, indicating that UCNs, specifically UCN-2 
and UCN-3, could be important inflammation mediators. 
Cells overexpressing both CRHR1 and CRHR2 and treated with sauvagine, a CRH-related 
peptide, causes PKA-mediated phosphorylation of the transcription factor CREB, which is an 
important intermediary step in transduction pathways arising from activation of these 
receptors and leading to modulation of gene transcription of target cells108. In addition, 
receptor stimulation by agonist binding increases activation of ERK1/2 independently of cAMP, 
revealing the possibility that PKA and MAPK may act in concert to control gene transcription in 
CRH-responsive cells. Sauvagine is also able to increase intracellular levels of Ca2+ through both 
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mobilization of intracellular stores and influx across the plasma membrane, which are 
important for muscle contraction and relaxation108. 
Markovic et al. showed that CRHR2β endocytosis appears to be regulated by ERK1/2 
direct phosphorylation of β-arrestin1 in an auto-regulatory mechanism that influences the rate 
and extent of β-arrestin1 recruitment to the plasma membrane and interaction with CRHR2β
112. 
This mechanism induced AKAP250 translocation to the plasma membrane and interaction with 
the receptor. Furthermore, this interaction exhibits signaling selectivity since it does not 
appear to be important for activation of Akt, a mechanism that is mediated via Gi/o-dependent 
pathways involving PI3K112. 
UCN-2 differentially regulates nuclear factor of activated T-cells (NFAT) activity in cardiac 
myocytes from both normal and failing heart through the PI3K/Akt/eNOS/NO pathway126 
(Figure 1). 
 
FIGURE 1. Suggested UCN-2/CRHR2 signaling pathway in the cardiomyocyte. UCN-2 regulates 
cardiomyocyte growth and proliferation (a), homeostasis (b) and function (c). A) Upon UCN-2 binding to 
CRHR2, the activation of AC, by the α-subunit of G protein, results in an increase in cAMP concentration, 
which promotes an increased activation of PKA and EPAC. This results in post-translational modifications 
of target proteins, such as ERK1/2, and alteration of gene transcription regulation by CREB and NF-κB. B) 
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/calmodulin-CaMKII, along with PKA, is important for intracellular Ca
2+
 homeostasis, since they 
have the ability to phosphorylate key Ca
2+
-regulating proteins, leading to increased Ca
2+
 influx, SR Ca
2+
 
content and accelerated [Ca
2+
]i transients. The cAMP-PKA and PI3K-Akt signaling pathways converge on 
eNOS phosphorylation and result in pronounced and sustained cellular NO production with subsequent 
stimulation of cGMP signaling. C) The activation of PI3K, though the βγ subunit of the G protein, leads to 
Akt activation which helps regulate PLB phosphorylation, along with PKA, controlling the inhibition of 
SERCA. NFAT regulation is mediated by PI3K/Akt/eNOS/NO signaling cascade that converges on the 
activation of several kinases, including GSK-3β, JNK, p38 and PKG, resulting in phosphorylation, 
deactivation and nuclear export of NFAT. 
Abbreviations: AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; EPAC, exchange proteins 
activated by cAMP; MEK1/2, mitogen-activated protein kinase; ERK1/2, extracellular signal-regulated kinase; CREB, cAMP 
response element-binding protein; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; eNOS, endothelial nitric 
oxide synthase; NO, nitric oxide; cGMP, cyclic guanosine monophosphate; CaM, calmodulin; CaMKII, Ca2+ /calmodulin-dependent 
protein kinase II; PI3K, Phosphoinositide 3-kinase; PIP3, Phosphatidylinositol (3,4,5)-trisphosphate; AKT, protein kinase B; Serca 2a, 
sarco/endoplasmic reticulum Ca2+-ATPase; PLB, phospholamban; UCN-2, Urocortin-2; CRHR2, corticotropin releasing hormone 
receptor type 2; NFAT, nuclear factor of activated T-cells; GSK-3β, glycogen synthase kinase 3 beta; JNK, c-Jun NH2-terminal 
kinase; p38, p38 mitogen-activated kinase; PKG, protein kinase G. 
 
UCN-2/CRHR2 Signaling Effects in Cardiac Function 
The majority of the described actions of UCNs in the myocardium have been revealed by 
observations in cardiomyocytes and in animal models of heart failure. However, it is not 
completely clear if the protective effects of UCNs are mediated via a direct effect on cardiac 
myocytes or via sympathetic stimulation in reaction to decreased peripheral resistance127. 
In both rabbit128 and mouse ventricular myocytes119, as well as in a murine model of 
HF129, UCN-2 administration enhances myocardial inotropy and lusitropy in a time- and 
concentration-dependent manner. These effects appear to be mediated via activation of 
CRHR2 and subsequent stimulation of both cAMP/PKA and Ca
2+/calmodulin-CaMKII signaling 
pathways since they were abolished by antisauvagine-30, a specific CRHR2 antagonist, leading 
to increased SR Ca2+ content and [Ca2+]i transients, as well as an accelerated decay of the 
latter119, 128. However, in mouse cardiomyocytes, these effects were accompanied by 
arrhythmogenic events, triggered by spontaneous diastolic SR Ca2+ release119. On the other 
hand, UCN-2 is reported to increase the ventricular fibrillation threshold130 and reduce the 
occurrence of arrhythmias131 in vivo. Evidence of the UCNs actions to improve intracellular 
handling132 and perhaps inhibit efferent cardiac sympathetic nerve activity133, might explain 
the peptide’s anti-arrhythmic effects in the whole animal. Other beneficial cardiac effects of 
UCNs include their ability to improve cardiac bioenergetics (through preservation of high-
energy phosphate stores)134. 
In the pig, local intracoronary administration of UCN-2 also has the ability to increase 
coronary blood flow as well as myocardial function89. In addition, an immediate improvement 
of left ventricular fractional shortening and circumferential fiber shortening velocity after an 
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acute injection of UCN-2 has been described in rats. These positive effects were maintained 
even at 5 weeks after treatment135. 
Recently, Walther et al. demonstrated that UCN-2 differentially regulates NFAT activity 
in cardiac myocytes from both normal and failing hearts, having a crucial role in the regulation 
of gene expression in cardiac development, maintenance of an adult differentiated cardiac 
phenotype and remodeling processes126. 
 
UCN-2/CRHR2 Signaling Effects in Vascular Function 
UCN-2/CRHR2 system effects are not limited to the heart, since in both pulmonary and 
systemic vasculature the activation of this receptor and the following pathway seems to exert 
a potent and consistent relaxation of the vessels. 
In rat thoracic aorta, UCN-2 and -3 wield more potent vasodilator effects than CRH, and 
since this relaxation response was abolished in the presence of both AC and PKA inhibitors, 
this effect is likely to be mediated by signaling pathways involving these peptides136.  
Indeed, in both healthy137 and animal models of HF129, UCN-2 administration causes a 
reduction in arterial blood pressure. Furthermore, the selective CRHR2 antagonist, astressin2-B, 
abolished UCN-2-induced hypotensive activity while having no effect on basal arterial blood 
pressure, indicating that UCN-2 induces hypotension through peripheral CRHR2
137. Dieterle et 
al. also showed an immediate and sustained lowering of blood pressure in hypertensive rats, 
with no reflex rise in HR135. Several mechanisms have been postulated for the blood pressure-
lowering effects of the UCNs, including a direct smooth muscle relaxant effect in combination 
with an associated reduction in plasma concentrations of vasoconstrictor hormones. Grossini 
et al. showed that UCN-2 administration in the anaesthetized pig primarily increases coronary 
blood flow and myocardial function through the release of NO and activation of CRHR2. In this 
study, the blockade of NOS abolished only the coronary effects, whereas blockade of subtype 2 
of the CRH receptors abolished both cardiac and coronary effects89. 
Ex vivo studies in human internal mammary artery138 and in rat coronary artery139 
propose both endothelium-dependent and -independent mechanisms for vasorelaxation, 
which involves the release of NO that in turn stimulates Ca2+-activated K+ channels in vascular 
smooth muscle via cGMP-dependent pathways138. 
Additionally, another important role for the UCN-2/CRHR2 system is its contribution to 
the angiogenesis process, being a critical component of the pathway necessary for tonic 
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inhibition of adult neo-vascularization. Bale et al. demonstrated that mice deficient in CRHR2 
become hypervascularized postnatally. On the other hand, the activation of this receptor in 
vitro results in reduced release of VEGF from SMCs, inhibition of SMC proliferation and 
inhibition of capillary tube formation in collagen gels140.  
Recently, Emeto et al. reported that in human aortic vascular SMCs, UCN-2 significantly 
inhibited Akt phosphorylation and proliferation in a dose-dependent manner by promoting a 
G1 cell-cycle arrest, reinforcing the role of UCN-2 in the regulation of cell proliferation
141. 
Moreover, endothelial UCN has potent antioxidative properties and is up-regulated by 
inflammatory cytokines and pitavastatin142. 
 
UCN-2/CRHR2 Signaling Effects in Heart Failure 
Given the potent vasorelaxant and inotropic effects of UCN-2, interest has grown in its 
role in the pathophysiology of HF and its potential therapeutic value in this disease. Several 
studies with UCN-2 in different animal models and in human clinical studies have 
demonstrated the beneficial effects of the peptide in the setting of cardiac failure. 
In both adult rabbit ventricular myocytes128 and in a murine model of HF129, UCN-2 
administration enhanced myocardial inotropy and lusitropy, increasing cell shortening and 
accelerating relaxation in a time- and concentration-dependent manner. These effects are 
induced via CRHR2 receptor-mediated stimulation of PKA
128. 
In contrast to limited UCN-2 bioactivity in healthy sheep, the therapeutic administration 
in animals with pacing-induced HF induced rapid and dose-dependent increases in CO and 
reductions in peripheral resistance and left atrial pressure90. The prolonged administration of 
UCN-2 in the same animal model also produced the beneficial effects seen above, except in a 
sustained way of action143, supporting a role for UCN-2 in pressure/volume homeostasis in HF. 
Additionally, UCN-2 co-treatment with an existing proven treatment such as furosemide, a 
diuretic agent, resulted in enhancement of beneficial hemodynamic effects compared with 
either agent alone, together with augmented renal responses with less rennin activation and 
no exacerbation of potassium loss144. 
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UCN-2/CRHR2 Signaling Effects in Myocardial Ischemia 
Myocardial ischemia frequently leads to cardiomyocyte apoptosis and necrosis, even 
with subsequent restoration of blood flow to the affected area, which has caused research to 
focus on trying to prevent cardiomyocyte death after an ischemic event. In this context, UCNs 
appear to have a cardioprotective role with increased expression and peptide release observed 
following ischemia stimulation145. 
On the other hand, neonatal cardiomyocytes treated with either 1-10nM of UCN-2 or -3 
results in ERK1/2 phosphorylation, and the inhibition of MEK 1/2 obstructs their 
cardioprotective effects88. Brar et al. suggested that UCN-2 and -3 have a cardioprotective role 
in situations of ischemia/reperfusion injury acting via the MAPK pathway and reducing infarct 
size88. 
Moreover, as mentioned above, CRHR2-deficient mice become hypervascularized 
postnatally and the activation of this receptor reduces VEGF release from SMCs, suppresses 
SMC proliferation and impedes capillary tube formation140. These studies demonstrate a 
critical role for CRHR2 in the regulation of angiogenesis and remodeling of both juvenile and 
adult vasculature, suggesting this receptor may be a potential target to modulate angiogenesis 
in diseases such as cardiovascular ischemia. 
 
UCN-2/CRHR2 Signaling Effects in Other Cardiovascular Diseases 
Dieterle et al. reported that chronic UCN-2 treatment was able to improve cardiac and 
vascular function through an immediate sustained blood pressure reduction without affecting 
the HR. Furthermore, long-term UCN-2 treatment in hypertensive rats diminishes the 
development of hypertension-induced LV hypertrophy and the deterioration of its contractile 
function135. Moreover, long-term UCN treatment not only had hypotensive effects but may 
also inhibited development of vascular remodeling in mesenteric arteries in spontaneously 
hypertensive rats146. These beneficial effects of UCN-2 may represent a novel approach for 
antihypertensive therapy. 
In a recent study, patients who underwent coronary angiography with the pre-diagnosis 
of coronary artery disease were examined and distributed according to their ejection fraction 
(EF). Those patients with moderate to severe systolic dysfunction (SD) showed decreased 
serum UCN-2 levels, while patients with mild to moderate SD showed increased levels of the 
peptide when compared to patients without SD. In contrast, the presence of diastolic 
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dysfunction or coronary artery disease appeared to have little effect on circulating UCN-2 
concentrations147. 
 
Urocortin-2 as a Therapy for Heart Failure in Humans 
Recently, a small number of clinical studies in humans have confirmed some data 
obtained from animal studies. In fact, UCN-2 administration in healthy humans induces a dose-
related increase in CO, HR and left ventricular ejection fraction (LVEF) in association with 
decreased systemic vascular resistance92. Moreover, UCN-2 and -3 promotes a potent 
prolonged arterial vasodilatation without causing tachyphylaxis, with these effects being partly 
dependent on endothelial NO and cytochrome P450 metabolites of arachidonic acid148. 
In humans with both mild149 and acute decompensated HF91, UCN-2 administration 
resulted in a markedly augmented CO without significant reflex tachycardia and an improved 
vascular function. Pronounced falls in systemic arterial pressure were also seen with higher 
doses of UCN-291. UCN-2 also induced vasorelaxation of coronary arteries isolated from 
patients with HF, independently of endothelial integrity150. In addition to positive effects on 
cardiovascular parameters when used as a treatment in HF, UCNs may also serve as possible 
biomarkers in the identification of early HF151. 
Based on these clinical studies, detailed in Table 6, it appears that UCN-2, alone or in 
combined therapy, is able to regulate the cardiovascular system which points towards a 
therapeutic application for this peptide in HF. 
 
TABLE 6. Clinical trials with Urocortin-2 as a therapy for Heart Failure 





Subjects received placebo, 25μg and 100μg of 
UCN-2 intravenously over the course of 1h. 
↑ Cardiac output; 
↑ Heart rate; 
↑Left ventricular ejection fraction; 





Volunteers were subjected to a bilateral forearm 
venous occlusion plethysmography during intra-
arterial UCN-2 (3.6-120pmol/min), UCN-3 (1.2-
36nmol/min) and substance P (2-8pmol/min). 








Received placebo and 25μg and 100μg of UCN-2 
intravenously over 1h. 
↑ Cardiac output; 
↑ Left ventricular ejection fraction; 
↓ Mean arterial pressure; 
↓ Systemic vascular resistance; 
↓ Cardiac work. 
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Other Biological Effects of Urocortin-2 
UCN-2 is also expressed in the central nervous system and it seems to be involved in the 
regulation of the stress response, anxiety and depression152, as well as in the control of 
appetite98. Male, but not female, UCN-2-knockout animals demonstrate an altered social 
behavior, with more passive social interactions and reduced aggressiveness in comparison to 
wild-type animals. Moreover, UCN-2 appears to modulate the aggressive behavior in male 
mice153 further evidence that this peptide is involved in the regulation of stress-related 
behaviors. 
In terms of appetite control, a recent study has reported that CRHR1 agonists, UCN-1 and 
stressin1-A, reduced feeding and induced interoceptive stress, while UCN-2 had a more potent 
suppressive effect on feeding, via a CRHR2-dependent mechanism, without eliciting malaise
154. 
UCN-2 also appears to be responsible for a decrease in gastric emptying152 which aids in 
appetite inhibition. These differences between UCNs in their regulation of these various 
functions seem to be consistent with their pharmacological differences. 
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AIMS 
Based on the published findings referenced in the previous chapter, we hypothesize that 
by activating CRHR2 in animals with PAH, through UCN-2 administration, we might protect not 
only the pulmonary vasculature, but also the RV myocardium and thus increase animal 
survival, attenuate PAH severity and improve RV function. 
Therefore, we purpose to investigate the role of the UCN-2/CRHR2 system in the 
pathophysiology of PAH and progression to HF, while evaluating the efficacy of UCN-2 as a 
possible novel therapeutic strategy for this disease. 
 
Our specific goals are: 
1. to determine changes in the expression of UCN-2 and its receptor, and of downstream 
signaling pathways in the heart tissue from healthy rats and from rats with PAH induced by 
monocrotaline (MCT); 
2. to assess changes in animal survival, RV myocardial function and the severity of PAH in vivo 
(hemodynamic and echocardiographic studies),  changes in myocardial structure and 
histology and its patterns of gene expression, in healthy animals and in animals with PAH 
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All the procedures in this work followed the recommendations of the Guide for the Care 
and Use of Laboratory Animals, published by the US National Institutes of Health (NIH 
Publication No. 85-23, Revised 1996), and are accredited by the Portuguese Direção Geral de 




Animals were grouped 3 per cage, in a controlled environment with a light-darkness 
cycle of 12:12h and an established temperature of 22ºC, with water and food ad libitum. 
Before MCT administration an echocardiographic evaluation was performed as a guarantee 
that the potentially ill animals (with cardiac disease) did not follow the protocol. Between 24 
to 25 days after MCT administration, the animals were submitted again to an 
echocardiographic study and to invasive hemodynamic evaluation. After morphometric 
assessment, samples were collected and processed for histological and molecular biology 
studies. 
Seven week-old male Wistar rats (Charles River Laboratories, Barcelona, Spain) weighing 
180-200g, were randomly assigned to receive either a subcutaneous (s.c.) injection of MCT 
(60mg/kg, Sigma-Aldrich) or an equal volume of vehicle, sodium chloride (NaCl, B. Braun, 
0.9%). A freshly aqueous solution of MCT was prepared, wherein 300mg was dissolved in 
2.36mL of 1M HCl, diluted with distilled water to about 1.60mL and neutralized with 1.52mL of 
1M NaOH. The pH was settled at 7.00. 
Fourteen days after MCT/vehicle administration, animals were randomly assigned into 4 
subgroups: CTRL, untreated animals; MCT, animals with induced PAH and without 
pharmacological treatment; CTRL + UCN-2, animals without PAH and with UCN-2 treatment; 
MCT + UCN-2, animals with induced PAH and with UCN-2 treatment. The pharmacological 
treatment consisted on a daily intraperitoneal (i.p.) injection of 2.5μg/kg twice a day of hUCN-
2 (Bachem, Bubendorf, Switzerland) during 10 days, while the vehicle treatment consisted on 
sodium chloride. 
The drug dosages, administration routes and treatment duration were selected based 
on previous studies from other research teams135 and on our preliminary dose-finding studies 
(unpublished data). Moreover and according with Reagan-Shaw’s equation155 (depicted below 
in which animal km=37 and human km=6) the UCN-2 dose administered in our animals is the 
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same that has been used in human clinical trials92, 149. Initially an aqueous solution of hUCN-2 
was prepared by dissolving 1mg in 1mL of NaCl. Part of the stock was diluted again in NaCl 
until we reach a final work concentration of 0.002mg/mL. 
                                                 
        




Cardiac function was evaluated both in healthy and MCT-induced PAH animals, with or 
without pharmacological treatment, in order to clarify the involvement of UCN-2/CRHR2 
system not only in the pathophysiology of PAH, but also in the progression of functional RV 
changes that accompany PAH and lead to HF. 
The echocardiographic assessment allowed for a non-invasive monitoring and 
characterization of PAH progression and ventricular function in the different experimental 
groups. Invasive hemodynamic evaluation was performed using high-fidelity pressure-volume 




For this purpose, animals from the different experimental groups were sedated with 
100μg/kg fentanyl and 5mg/kg midazolam via i.p. injection and anesthetized by inhalation of 
8% sevoflurane (Penlon Sigma Delta, UK) in vented containers. Endotracheal intubation was 
performed using a 14 gauge catheter and mechanical ventilation controlled by a rodent 
ventilator (MouseVent G500, Kent Scientific, Connecticut, USA) with an animal weight-defined 
tidal volume. Anesthesia was maintained with 2.5-3.0% vol/vol sevoflurane, titrated according 
to the toe pinch reflex. 
Animals were placed in left lateral decubitus. After applying warm echocardiography gel, 
a 15MHz sensorial probe (Sequoia 15L8W) was gently placed on the thorax. Acquisitions 
(Siemens Acuson Sequoia C512) were averaged from three consecutive heartbeats. Bi-
dimensional and M-mode images were obtained for determination of RV structure and 
function, respectively. End-diastolic dimension (RVEDD), RAA and TAPSE were obtained in 
apical projection of 4 cavities. Pulmonary artery diameter (PAD) was measured in parasternal 
short-axis view. Conventional Doppler was used to evaluate pulmonary blood flow, with the 
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determination of pulmonary artery acceleration (PAAT) and ejection (PAET) times, peak 
systolic velocity (PAPSV) and the velocity time integral (PAVTI). The PAAT/PAET ratio was 
determined, and the SV, CO and cardiac index (CI) were calculated as follows: 
                





                         
                
  
              
 
 
Invasive Hemodynamic Evaluation 
After the echocardiographic evaluation, and as previously described156, the animal 
position was adjusted to right lateral decubitus for proper orientation of the heart for 
instrumentation. Animal temperature was monitored and regulated with a warming pad and a 
rectal temperature sensor, and digitally controlled together with pulse oxymetry measured 
through a paw sensor (PhysioSuite, Kent Scientific, Connecticut, USA), and ECG (Animal Bio 
Amp, ADinstruments, Oxford, UK) (shown in Figure 5A). Anesthesia was maintained with 
sevoflurane (2.5-3.0% vol/vol). 
The internal femoral vein was catheterized using a 24G catheter, under surgical 
microdissection (Wilde M651, Leica microsystems, Cambridge, UK) for infusion (Multi-Phaser, 
NE-100, New Era Pump Systems, NY, USA) of warm lactate Ringer’s solution at a rate of 
32mL/kg/h (Figure 5B and 5C). A left thoracotomy was performed, pericardium and pleura 
were carefully dissected and the phrenic nerve was severed (Figure 5D). A 3-0 surgical silk was 
passed around the inferior vena cava (IVC) for transient occlusion during the protocol. 
Pressure-volume catheters were inserted through the apex of the RV and positioned along the 
long axis (SPR-869, Millar Instruments, Texas, USA). A flow probe was implanted around the 
ascending aorta (MA2.5PSB, 2.5mm, Precision S-Series, Transonic Systems, NY, USA) and 
connected to an ultrasonic transit time volume flowmeter (TS420, transit-time perivascular 
flowmeter, Transonic Systems, NY, USA). The experimental preparation was allowed to 
stabilize for 15 minutes, and during the procedure blood loss was controlled through saline 
bolus. 
Baseline and IVC occlusions recordings were obtained with ventilation suspended at 
end-expiration. Pressure and volume signals were continuously acquired (MVPS 300, Millar 
instruments, Texas, USA), digitally recorded at a sampling rate of 1000Hz (ML880 PowerLab 
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16/30, ADInstruments, Oxford, UK) and analyzed off-line (LabChart 7 Pro, ADInstruments, 
Oxford, UK, and PVAN 3.5, Millar Instruments, Texas, USA). Parallel conductance for the 
volume catheter was computed after bolus injection of 50μL hypertonic saline (10% sodium 
chloride) and the calibration for factor alpha (field inhomogeneity) was determined through 
the CO measured by the aortic flow probe and the ultrasonic transit time volume flowmeter. 
Following anesthetic overdose, blood was retrieved for storage and further analysis. 
Animals were exsanguinated and heparinized blood was collected and used for volume 
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FIGURE 2. Preparation of the rat for the hemodynamic evaluation. A) Position of the rat for the 
hemodynamic instrumentation, B) femoral vein exposure and dissection and C) IV catheter placement 
and D) thorax exposure after left thoracotomy. 
 
The baseline hemodynamic parameters analyzed were: HR, CO, RV end-systolic (ESP) 
and end-diastolic (EDP) pressure, end-diastolic volume (EDV), SV, EF and the isovolumic 
relaxation constant (τlog). IVC occlusion-derived end-systolic (ESPVR Ees) and end-diastolic 
(EDPVR k1) pressure volume relantionship slopes were also determined. PVR was calculated as 
follows: 
           
 
Morphometric and Histological Analysis 
RV structural alterations, such as hypertrophy, are associated with PAH-progression157, 
therefore morphometric and histological analysis was mandatory in this context. 
Immediately after exsanguination of the anesthetized/instrumented animal, heart, 
lungs, liver and gastrocnemius were excised and weighted. RV and LV + Septum (LV+S) were 
carefully dissected and weighted separately. Although tissue weight is usually normalized to 
the animal body weight, HF is associated with cachexia158 and therefore, normalizing tissue 
weights of MCT-injected animals might lead to an overestimate of cardiac hypertrophy. In 
order to eliminate bodyweight as a confounding factor in tissue weight normalization, tibia 
length, which remains constant throughout adulthood, was measured and served as a 
normalizer159.  
Samples for histology were submersed in a fixative solution of 10% formaldehyde. After 
the initial fixation step, samples underwent dehydration (using ethanol in decreasing 
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percentages), diaphanisation (using xylene) and impregnation in liquid paraffin (54ºC). Later 
they were placed and properly oriented in metal molds and serial sections of 4μm were 
obtained from RV samples, in a Minot-type microtome. Hematoxylin and eosin (HE) stained 
sections of the RV were used to measure cardiomyocyte cross-sectional area. Sections were 
digitally photographed (Olympus XC30 Digital colour Camera, Olympus, PA, USA) and 
measured using imaging software (cellB, Olympus, PA, USA). Fifty muscle fibers per animal 




These studies focused on the gene expression and protein activation analysis of the 
main components of UCN-2/CRHR2 system (peptide, receptors and downstream signaling 
pathways) as well as of known markers of heart failure in the different experimental groups. 
 
mRNA Expression 
In order to allow posterior molecular analysis, RV samples were collected and stored in 
RNAlater (Quiagen), frozen in liquid nitrogen and kept at -80ºC until manipulation. RNA was 
completely extracted by the silicon membrane and guanidinium-thiocyanate method (RNeasy 
Mini Kit, Quiagen, 74104), according to the manufacturer’s instructions. Concentration and 
purity of RNA were measured by NanoDrop® ND-1000 spectrophotometer (Thermo Fisher 
Scientific), assuming as ideal ratio values of A260/A280 between 1.8 and 2.1. mRNA relative 
expression quantification was performed by two-step Real-Time Polymerase Chain Reaction 
(RT-PCR). Using animal samples from the CTRL group, standard curves were built to all the 
studied genes and tissues, correlating the initial total mRNA quantity and the threshold cycle. 
Reverse transcription was performed in a conventional thermocycler (Whatmann Biometra, 
050-901) and consisted in 10 minutes at 22ºC, 50 minutes at 50ºC, and 10 minutes at 95ºC. 
Ten percent of the obtained cDNA was amplified and detected by RT-PCR (Step-One™ Applied 
biosystems) using the probe SYBR Green (PerfeCta® SYBR Green FastMix, Rox, Kit, Quanta 
Biosciences) according to the manufacturer’s instructions. 
Amplification curves were analyzed with the equipment software (v2.2.2) through 
absolute quantification. Melting curves of each PCR reaction were used in order to exclude the 
formation of primer-dimers and unspecific products, confirming the purity of the amplified 
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product. GAPDH was chosen as reference gene, since no significant changes were observed in 
the different groups. Final gene expression results were presented in Arbitrary Units (AU), 
being the CTRL group means values after GAPDH normalization correspondent to 1AU. All 
assays were performed twice, in order to ensure the security of the obtained results. The 
primers used in the molecular analysis (Table 7) were designed in-house with appropriate 
software (DNAstar™). 
 
TABLE 7. List of used primers 






















































































TTT TCT GTC CCG CAT GTT GC
3’
 
Abbreviation: BNP, brain natriuretic peptide; CRHR2, corticotrophin-releasing hormone receptor type 2; ET-1, endothelin 1; 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HIF-1α, hipoxia inducible factor 1 alpha; UCN-2, urocortin-2. 
 
Protein Expression 
Samples from RV of each animal were homogenized on ice in 300μL RIPA lysis buffer 
(Cell Signaling Technology) containing protease inhibitors (Protease Inhibitor Cocktail, Sigma-
Aldrich, St. Louis, USA), and phosphatase inhibitors (Phosphatase Inhibitor Cocktail 2 and 3, 
Sigma-Aldrich, St. Louis, USA). Tissue was then centrifuged at 12.000 RPMs for 20 min at 4°C. 
Supernatants were collected, and total protein concentration was determined using the 
Bradford assay (Bio-Rad Laboratories, CA, USA). Samples were treated with Laemmli loading 
buffer (Cell Signaling Technology) and boiled for 5 minutes at 95ºC. Samples, with 20μg of 
protein, were loaded onto a 10% SDS-PAGE gel (Bio-Rad Laboratories, CA, USA), run, and 
electroblotted onto a 0.2μm nitrocellulose membrane (Bio-Rad Laboratories, CA, USA). Pre-
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stained molecular weight marker proteins (Bio-Rad Laboratories, CA, USA) were used as size 
standards for the SDS-PAGE. Ponceau staining was performed to verify the quality of the 
transfer and to ensure equal protein loading. Blots were blocked in 5% BSA (Bovine Serum 
Albumin, Sigma-Aldrich, St. Louis, USA) for 1 hour at room temperature. Incubated overnight 
at 4ºC with the antibodies listed in Table 8, in separate experiences, at a dilution of 1:1000. 
 
TABLE 8. List of used primary antibodies 
Protein Antibody’s Identification 
Akt 
p-Akt 
Akt (pan) (C67E7), Rabbit mAb, Cell Signaling Technology 
Phospho-Akt (Ser473) (587F11), Mouse mAb, Cell Signaling Technology 
ERK1/2 
p-ERK1/2 
p44/42 MAPK (Erk1/2) (3A7), Mouse mAb, Cell Signaling Technology 
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Rabbit pAb, Cell Signaling Technology 
p38 
p-p38 
p38α MAPK (L53F8), Mouse mAb, Cell Signaling Technology 
Phospho-p38 MAPK (Thr180/Tyr182) (D3F9), Rabbit mAb, Cell Signaling Technology 
STAT3 
p-STAT3 
Stat3 (124H6), Mouse mAb, Cell Signaling Technology 
Phospho-Stat3 (Tyr705) (D3A7), Rabbit mAb, Cell Signaling Technology 
CRHR2 Anti-Corticotropin Releasing Factor Receptor 2, Rabbit pAb, Abcam, Cambridge, UK 
GAPDH GAPDH (0411), Mouse mAb, Santa Cruz Biotechnology, Inc. 
Abbreviation: Akt, protein kinase B; CRHR2, corticotropin-releasing hormone receptor type 2; ERK1/2, extracellular-signal 
regulated kinases 1 and 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GSK-3β, glycogen synthase kinase 3 beta; p38, 
p38 mitogen-activated protein kinase; STAT3, signal transducer and activator of transcription 3. 
 
After primary antibody removal, membranes were washed with Tris-Buffered Saline (Cell 
Signaling Technology) with 0.01% Tween-20 – TBS-T (Sigma-Aldrich, St. Louis, USA) and 
incubated with secondary antibodies (IRDye 680LT, Goat-anti-Mouse Ab and 800CW, Goat-
anti-Rabbit Ab, LI-COR Biosciences, Lincoln, USA) in 2% skimmed nonfat milk at a 1:25000 
dilution for 1 hour at room temperature. After washing the membranes with TBS-T, 
membranes were scanned using an Odyssey scanner (infrared imaging system, LI-COR 
Biosciences, Lincoln, USA) and analyzed using the Odyssey provided software (version 3.0). 
 
Statistical Analysis 
Statistical analysis was performed using GraphPad Software (vs.6). 2-way ANOVA was 
used to statistically analyze all the presented parameters. Holm-Sidak’s method for post hoc 
comparisons between groups and Kaplan-Meier survival analysis (log-rank test) were 
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performed. Group data are presented as means ± SEM. Differences with p<0.05 were 
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Survival Analysis 
Excluding animals that underwent terminal hemodynamic evaluation, Kaplan-Meier 
analysis demonstrated that the survival rate for MCT treated animals was significantly higher 
(76%) when compared with MCT untreated animals (44%) as is demonstrated in Figure 3. 
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FIGURE 3. Kaplan-Meier survival curves. MCT rats treated with UCN-2 had a significantly higher survival 





The full echocardiographic study is presented in Table 9. The bi-dimensional analysis 
showed that MCT-treated animals developed RH dilation, as shown by an increase in RV end-
diastolic diameter (RVEDD) and right atria area (RAA), as well as a deviation of the 
interventricular septum (IVS) towards the left side of the heart (Figure 4B), while treatment 
attenuated RH structural alterations (Figure 4C). Echo-measured RV function was also 
improved with UCN-2 treatment, as measured by M-mode through the tricuspid annular plane 
systolic excursion (TAPSE), which was decreased in MCT animals. 
Doppler imaging analysis revealed a deficit in the pulmonary flow in the MCT group with 
decreased peak systolic velocity (PAPSV), pulmonary artery acceleration time (PAAT) and 
ejection time (PAET), when compared with healthy animals, which affected the PAAT/PAET 
ratio. Treatment with UCN-2 improved blood flow in the pulmonary artery, with normalization 
of the PAAT/PAET ratio. Moreover, indexes of overall cardiac function, such as CO and CI, were 
also improved with pharmacological UCN-2 intervention. 
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Vehicle UCN-2 Vehicle UCN-2 
PAPSV (m/s) 0.98 ± 0.06 0.96 ± 0.04 0.79 ± 0.03* 0.80 ± 0.04* 
PAAT (ms) 25.7 ± 2.61 31.7 ± 1.87* 13.6 ± 0.57* 20.0 ± 1.11
#
 





) 0.17 ± 0.01 0.20 ± 0.02 0.30 ± 0.03* 0.22 ± 0.01
#
 
RVEDD (cm) 0.39 ± 0.01 0.37 ± 0.01 0.50 ± 0.01* 0.45 ± 0.01*
#
 
TAPSE (cm) 0.23 ± 0.01 0.25 ± 0.01 0.12 ± 0.02* 0.18 ± 0.01*
#
 
PAAT/PAET 0.28 ± 0.04 0.40 ± 0.02* 0.20 ± 0.01* 0.26 ± 0.01
#
 
CO (mL/min) 168 ± 22.4 176 ± 14.0 86.3 ± 14.7* 137 ± 10.4*
#
 
CI (mL/min/100g BW) 56.4 ± 7.1 59.6 ± 5.1 33.1 ± 4.6* 52.3 ± 3.9
#
 
CTRL (n=13); CTRL+UCN-2 (n=10); MCT (n=10) and MCT+UCN-2 (n=15). Abbreviations: BW, body weight; CI, cardiac index; CO, 
cardiac output; PAAT, pulmonary artery acceleration time; PAET, pulmonary artery ejection time; PAPSV, pulmonary artery peak 
systolic velocity; RAA, right atria area; RVEDD, right ventricle end-diastolic diameter; TAPSE, tricuspid annular plane systolic 
excursion. *p<0.05 vs CTRL, #p<0.05 vs MCT. 
 
 
FIGURE 4. Representative echocardiographic images. Representative images from the CTRL (A), MCT (B) 
and MCT+UCN-2 (C) groups showing an apical 4-chamber view. MCT animals reveal RV hypertrophy and 
deviation of the IVS (indicated by the white line) to the left side of the heart (B). Treatment with UCN-2 
restored both RV dilation and IVS structure (C). CTRL (n=13); CTRL+UCN-2 (n=10); MCT (n=10) and 
MCT+UCN-2 (n=15). Abbreviations: IVS, interventricular septum; LA, left atrium; LV, left ventricle; RA, 
right atrium and RV, right ventricle. 
 
Invasive Hemodynamic Analysis 
The complete hemodynamic study is detailed in Table 10 and representative pressure-
volume loops are shown in Figure 5. Baseline RV hemodynamics revealed impaired RV function 
with both systolic and diastolic alterations in non-treated PAH animals. The MCT group 
presented a lower HR and decreased CO. Pulmonary resistances (PVR), representative of 
increased RV overload, were also increased in the MCT group. Moreover, systolic function was 
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deteriorated with increased end-systolic pressure (ESP) and decreased ejection fraction (EF), as 
well as higher IVC occlusion-derived end-systolic pressure volume relationship slope (ESPVR 
Ees). Diastolic impairment was also evident in MCT animals. End-diastolic pressure (EDP) and 
the isovolumic relaxation time constant (τ) were elevated in these animals. The load-
independent end-diastolic pressure volume relationship slope (EDPVR k1) was also increased in 
the MCT group when compared to controls. RV dilation was obvious with increased end-
diastolic volumes (EDV) and a compromised SV, representative of the deteriorated ventricular 
function in these animals. Treatment with UCN-2 reversed RV dilation and improved both 
systolic and diastolic function, resulting in an overall improved right ventricular structure and 
function. 
 




Vehicle UCN-2 Vehicle UCN-2 
HR (bmp) 387 ± 6 381 ± 3 357 ± 13* 383 ± 11
#
 




ESP (mmHg) 22.3 ± 0.8 22.9 ± 1.0 59.7 ± 2.5* 47.6 ± 3.6*
#
 
EDP (mmHg) 3.7 ± 0.3 4.0 ± 0.3 6.0 ± 0.7* 4.3 ± 0.3
#
 
EDV (μL) 222.1 ± 11.2 230.2 ± 9.4 280.0 ± 13.5* 212.9 ± 12.2
#
 
SV (μL) 167.2 ± 7.4 178.2 ± 9.1 91.8 ± 12.5* 121.6 ± 4.8*
#
 
EF (%) 74.6 ± 2.6 72.9 ± 3.4 32.1 ± 3.5* 59.5 ± 2.7*
#
 













0.081 ± 0.007 0.083 ± 0.008 0.288 ± 0.029* 0.213 ± 0.022*
#
 
EDPVR k1 0.0065 ± 0.0008 0.0056 ± 0.0009 0.0151 ± 0.0026* 0.0095 ± 0.0020*
#
 
$Obtained by IVC occlusions. CTRL (n=13); CTRL+UCN-2 (n=10); MCT (n=10) and MCT+UCN-2 (n=15). Abbreviations: CO, cardiac 
output; EDP, end-diastolic pressure; EDV, end-diastolic volume; EDPVR k1, end-diastolic pressure-volume relationship’s slope; EF, 
ejection fraction; ESP, end-systolic pressure; ESPVR Ees, end-systolic pressure-volume relationship’s slope; HR, heart rate; PVR, 
pulmonary vascular resistance; SV, stroke volume; τlog, isovolumic relaxation time constant. *p<0.05 vs CTRL, 
#p<0.05 vs MCT. 
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FIGURE 5. Representative pressure-volume loops. Representative pressure-volume loops of the different 
study groups, obtained by transient inferior vena cava (IVC) occlusions. MCT untreated animals revealed 
higher EDP and EDV while treatment with UCN-2 was able to attenuate both. 
 
Morphometric and Histological Analysis 
Animals from the MCT group presented RV hypertrophy as shown by the increase in RV 
weight (RVW)/LV + Septum weight (LV+SW) and RVW/tibia length (TL) ratios. Lung weight (LW) 
was also increased and gastrocnemius weight (GcW) was decreased (decreased GcW/TL ratio) 
in the animals from this group. Liver weight (LiW) showed no difference between groups. UCN-
2 treated animals presented decreased RV hypertrophy and no changes in both lung and liver 
weight compared with MCT animals (Table 11). RV hypertrophy in the MCT group, was further 
confirmed by histological measurement of cardiomyocyte cross-sectional area (CSA) (MCT: 366 
± 25 μm2) when compared to CTRL (255 ± 26 μm2). UCN-2 treatment was capable to reverse 
MCT-induced hypertrophy (MCT+UCN-2: 287 ± 26 μm2) (Figure 6). 
 
TABLE 11. Morphometrical analysis 
Morphometric Ratios 
CTRL MCT 
Vehicle UCN-2 Vehicle UCN-2 
HW/BW (g/kg) 2.48 ± 0.06 2.50 ± 0.04 3.53 ± 0.15* 3.03 ± 0.10*
#
 
RVW//LV+SW (g/g) 0.26 ± 0.01 0.26 ± 0.01 0.48 ± 0.02* 0.41 ± 0.02*
#
 
RVW/TL (g/cm) 0.04 ± 0.00 0.04 ± 0.00 0.08 ± 0.00* 0.06 ± 0.00*
#
 
LW/TL (g/cm) 0.42 ± 0.02 0.41 ± 0.01 0.72 ± 0.04* 0.69 ± 0.02* 
LiW/TL (g/cm) 2.97 ± 0.09 2.91 ± 0.10 2.90 ± 0.19 2.69 ± 0.07 
GcW/TL (g/cm) 0.53 ± 0.02 0.52 ± 0.02 0.46 ± 0.01* 0.45 ± 0.02* 
Abbreviations: BW, body weight; GcW, gastrocnemius weight; HW, heart weight; LiW, liver weight; LV+SW, left ventricle + septum 
weight; LW, lung weight; RVW, right ventricle weight; TL, tibia length. *p<0.05 vs CTRL, #p<0.05 vs MCT. CTRL (n=13); CTRL+UCN-2 
(n=10); MCT (n=10) and MCT+UCN-2 (n=15). 
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FIGURE 6. Histological analysis of cardiomyocyte structure and cross sectional area (CSA). On the left is 
depicted representative light microscopy images of hematoxylin-eosin (HE) stained sections of RV (400x) 
from CTRL (A), CTRL+UCN-2 (B), MCT (C) and MCT+UCN-2 (D), showing augmented cardiomyocyte 
dimensions in MCT animals. On the right is displayed a diagram with the quantification of cardiomyocyte 
dimensions, in which MCT animals showed an increased cardiomyocyte CSA when compared to CTRL 
group. Treatment was able to attenuate cardiomyocyte alterations. CTRL (n=7); CTRL+UCN-2 (n=7); MCT 




We found that in the RV of animals from the MCT group, UCN-2 mRNA levels were 
notably increased in relation to other study groups (MCT: 2.13 ± 0.81 AU). Moreover, it was 
found that chronic administration of UCN-2 in control animals did not induce significant 
changes in UCN-2 expression (CTRL vs CTRL+UCN-2: 1.00 ± 0.34 vs 0.51 ± 0.17 AU). In the RV of 
animals from the MCT+UCN-2 group, there was a normalization of the UCN-2 expression (0.23 
± 0.08 AU). CRHR2 mRNA expression was decreased in the RV of MCT group animals (0.46 ± 
0.08 AU) and also normalized in MCT+UCN-2 animals (0.87 ± 0.12 AU) (Figure 7). 
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FIGURE 7. mRNA quantification of UCN-2 and CRHR2 in the RV. MCT group showed increased expression 
of UCN-2 while MCT+UCN-2 group showed significantly lower levels of expression (left). Regarding 
CRHR2, the MCT group showed decreased expression of the receptor that was reversed with treatment 
(right). The diagrams represent mean±SEM of UCN-2 and CRHR2 expression. AU stands for arbitrary 
units. CTRL (n=5); CTRL+UCN-2 (n=6); MCT (n=5) and MCT+UCN-2 (n=8). 
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Additionally, we determined the gene expression levels of ET-1 and BNP, markers of 
ventricular hypertrophy160 and cardiac overload161. In the RV of MCT animals we observed an 
increase in the mRNA expression of ET-1 (MCT vs CTRL: 3.39 ± 0.37 vs 1.00 ± 0.18 AU) and BNP 
(15.29 ± 2.50 vs 1.00 ± 0.10 AU). Hypoxia-inducible factor 1 alpha (HIF-1α) regulates the 
transcription of genes involved in adaptive responses to hypoxia162 and its expression was also 
elevated in the MCT group (1.61 ± 0.30 vs 1.00 ± 0.16 AU). ET-1 and HIF-1α expressions were 
reversed with UCN-2 treatment (MCT+UCN-2: 1.84 ± 0.57 and 1.01 ± 0.15 AU, respectively) 
while BNP expression was attenuated by 7-fold (6.92 ± 2.14 AU) as shown in Figure 8. 
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FIGURE 8. mRNA quantification of ET-1, BNP and HIF-1α in the RV. MCT group showed increased 
expression of ET-1, BNP and HIF-1α. UCN-2 chronic treatment attenuated BNP and reversed ET-1 and 
HIF-1α expressions. The diagrams represent mean±SEM of ET-1, BNP and HIF-1α expressions. AU stands 
for arbitrary units. CTRL (n=5); CTRL+UCN-2 (n=6); MCT (n=5) and MCT+UCN-2 (n=8). 
 
UCN-2, as described above, has been associated with signaling pathways of cell survival. 
In this context we analyzed caspase-3 and caspase-8. In apoptosis-associated genes, both 
caspase-3 and -8 were altered with increased levels in MCT animals (MCT vs CTRL: caspase-3, 
3.90 ± 0.59 vs 1.00 ± 0.13 AU and caspase-8, 2.81 ± 0.35 vs 1.00 ± 0.16 AU). Attenuation of 
caspase-3 (MCT+UCN-2: 2.02 ± 0.38 AU) and normalization of caspase-8 expression (1.34 ± 
0.21 AU) was seen with UCN-2 treatment (Figure 9). 
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FIGURE 9. mRNA quantification of caspase-3 and caspase-8 in the RV. Both caspases were decreased in 
MCT group, while UCN-2 treatment was able to reverse caspase-8 and attenuate caspase-3 expression. 
The diagrams represent mean±SEM of caspase-3 and -8 expressions. AU stands for arbitrary units. CTRL 
(n=5); CTRL+UCN-2 (n=6); MCT (n=5) and MCT+UCN-2 (n=8). 
 
Protein Expression 
CRHR2, a membrane-bound protein that belongs to the family of GPCRs, is the 
endogenous receptor with greater affinity for UCN-2 binding107. The expression of this receptor 
was particularly high in both MCT groups (MCT: 3.07 ± 0.67 and MCT+UCN-2: 3.34 ± 0.83 AU) 
when compared to CTRL group (1.00 ± 0.14 AU) (Figure 10). 
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FIGURE 10. Level of CRHR2 expression in the RV. CRHR2 expression was higher in MCT groups. The 
presence of CRHR2 was detected by immunoblotting utilizing total protein-specific primary antibodies. 
The diagrams represent mean±SEM of CRHR2 bands. The CRHR2 bands were normalized to GAPDH 
bands. Below the diagrams is depicted the representative western blot bands. AU stands for arbitrary 
units. CTRL (n=9); CTRL+UCN-2 (n=9); MCT (n=7) and MCT+UCN-2 (n=10). 
 
 
ERK1/2 or p44/42 and p38 belong to the MAPK family and are activated in response to a 
wide range of extracellular stimuli including mitogens, growth factors and cytokines163. In MCT 
animals we observed a decrease in protein phosphorylation/activation of both ERKs and p38 
kinases comparatively to controls (MCT vs CTRL: ERKs, 0.53 ± 0.10 vs 1.00 ± 0.11 AU and p38, 
0.52 ± 0.04 vs 1.00 ± 0.14 AU). These levels were reversed with UCN-2 treatment (MCT+UCN-2: 
ERKs, 0.92 ± 0.11 AU and p38, 1.14 ± 0.17) (Figure 11). 
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FIGURE 11. Activation level of ERKs and p38 in the RV. Both ERKs and p38 (left to right) activation was 
decreased in MCT animals and UCN-2 treatment was able to reverse their activation to control values. 
Phosphorylation was determined by immunoblotting utilizing total protein- and phosphorylation-
specific primary antibodies. The diagrams represent mean±SEM of ERKs and p38 bands. Below is 
depicted the respective representative western blot bands. Phospho-ERKs and –p38 are denoted as p-
ERKs and p-p38. AU stands for arbitrary units. CTRL (n=9); CTRL+UCN-2 (n=9); MCT (n=7) and MCT+UCN-
2 (n=10). 
 
Akt is a kinase known by its central regulatory role in several cellular processes such as 
cell survival and proliferation, glucose metabolism and cardiovascular homeostasis164. Akt 
activation did not show any significant differences between groups. UCN-2 treatment did not 
induce any difference in the phosphorylation level of Akt (Figure 12). 
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FIGURE 12. Activation level of Akt in the RV. Akt activation (on the left) did not show any difference 
between groups. Phosphorylation was determined by immunoblotting utilizing total protein- and 
phosphorylation-specific primary antibodies. The diagrams represent mean±SEM of Akt bands. Below is 
depicted the respective representative western blot bands. Phospho-Akt is denoted as p-Akt. AU stands 
for arbitrary units. CTRL (n=9); CTRL+UCN-2 (n=9); MCT (n=7) and MCT+UCN-2 (n=10). 
 
Signal transducer and activator of transcription 3 (STAT3) is a transcription factor and an 
important signaling molecule for several cytokines and growth factor receptors, known for 
possessing an oncogenic potential and anti-apoptotic activities165. The MCT group showed a 
decreased STAT3 phosphorylation when compared with the CTRL group (MCT vs CTRL: 0.61 ± 
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0.12 vs 1.00 ± 0.10 AU). Treatment with UCN-2 resulted in restored STAT3 activation 
(MCT+UCN-2: 1.01 ± 0.09 AU) as we can see in Figure 13. 
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FIGURE 13. Activation level of STAT3 in the RV. STAT3 activation was decreased in MCT animals and UCN-
2 treatment was able to reverse its reduction. Phosphorylation was determined by immunoblotting 
utilizing total protein- and phosphorylation-specific primary antibodies. The diagrams represent 
mean±SEM of STAT3 bands. Below the diagrams is depicted the representative western blot bands. 
Phospho-STAT3 is denoted as p-STAT3 and AU stands for arbitrary units. CTRL (n=9); CTRL+UCN-2 (n=9); 
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UCN-2 treatment improves survival and RV function in MCT-induced PAH 
This study demonstrated that the chronic treatment with UCN-2 in an experimental 
model of PAH and secondary RV failure, attenuates structural remodeling and enhances RV 
systolic and diastolic function. 
Several studies166-168 have demonstrated the progression of MCT-induced PAH using 
echo-measured indexes of RV function and structure, proving the importance of non-invasive 
methods in the evaluation of PAH severity and RV function, since it allows a comparable 
approach to that routinely used in patients62. 
In MCT-induced PAH we observed a decrease in PAAT and PAET, which significantly 
altered the PAAT/PAET ratio, and in systolic flow which is compromised in PAH, is associated 
with pulmonary systolic pressures169 and correlates with decreased survival in PAH patients62. 
Pulmonary flow velocity, acceleration and ejection time were also restored with UCN-2 
pharmacological intervention, revealing an improved pulmonary arterial function and 
decreased RV afterload. 
Accordingly to previous studies167, 168 we observed a significant RV and right atria 
chamber dilation, shown by the echo-measured RV and RAA. At this time point (4th week after 
MCT injection) and with a progressive increase in PVR, the RV cannot sustain the adaptive 
hypertrophy and eventually dilates51. This was shown by Hardziyenka et al. that measured 
RVEDD echocardiographycally and showed that it seems to start to increase between 20-25 
days post MCT administration. Furthermore, in response to progressive pressure overload 
there is a shift of the IVS to the left side chamber170, which is in agreement with our 
observations (Figure 4B). Moreover, echo-measured TAPSE, an indicator of RV contractile 
function170, was also decreased in MCT animals. UCN-2 therapeutic intervention attenuated 
the adaptive hypertrophy and improved RV function and structure, as well as correcting IVS 
deviation. CO and CI, indexes of overall cardiac function, were also altered in MCT animals and 
were normalized with UCN-2 treatment. 
Although no studies have invasively evaluated UCN-2’s chronic treatment effect on RV 
function in PAH, enough studies have been performed on the LV that allows us to explain our 
results. Those studies showed improved cardiac performance in models of HF subjected to 
UCN-2 intervention. Bale et al. studied the acute effects of UCN-2 in a murine model of HF and 
although LVEDP was not different between wild-type and CRHR2-deficient mice, they noticed 
an increase in HR, EF and CO, as well as a decrease in LVEDV and ESV129. In anaesthetized pigs, 
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intracoronary infusion of UCN-2 caused an increase in coronary blood flow and CO, 
accompanied by a decrease in coronary vascular resistances89. 
Recently, both humans with mild HF149 and acute decompensated HF91 were subjected 
to UCN-2 administration. In the latter, UCN-2 treatment was able to decrease systolic blood 
pressure and increase CO, associated with a strong reduction in total peripheral resistance. 
Administration of UCN-2 in humans with mild HF increased CO and LVEF and decreased mean 
arterial pressure, systemic vascular resistance and cardiac work, in a dose-dependent manner. 
In both studies UCN-2 was able to induce vasodilation and improve myocardial function. 
Similarly, and despite all the structural differences between the LV and the RV, our 
functional RV study match what has been previously described for the LV. MCT-injected 
animals revealed a severe cardiac dysfunction secondary to PAH and presented RV 
hypercontractility, as shown by highly increased systolic pressures, as well by changes in other 
parameters of contractile function, namely IVC occlusion-derived ESPV relationship’s slope. 
Diastolic dysfunction was also present in the RV of MCT animals, shown by increased stiffness 
(rise in RVEDP) and RV dilation (increased RVEDD). These hemodynamic alterations correspond 
to decompensated myocardial hypertrophy of the RV in response to pressure overload 
resulting from increased pulmonary vascular resistance, as previously described 171. 
Treating MCT animals with UCN-2 resulted in the improvement of RV function, given 
that both systolic and diastolic dysfunction was enhanced and the ventricle showed improved 
contractile and relaxation functions. Cardiac catheterization allowed a more detailed analysis 
of ventricular function and corroborated echocardiographic data, nevertheless some caution is 
needed when interpreting the results and extrapolating previous knowledge from the LV to 
explain RV pathophysiology172. 
 
MCT-induced RV morphohistological changes are attenuated with UCN-2 treatment 
UCN-2 treatment after PAH-induction resulted in accentuated decrease of cardiac 
hypertrophy, especially RV hypertrophy (Table 11). HW was increased in PAH animals, as 
previously mentioned, and this was analyzed using the HW/BW ratio. Nevertheless, in PAH, the 
RV is the primary affected ventricle and therefore should be the focus of the analysis, since 
due to the augmented PVR is under pressure overload. And in fact, the RVW/BW ratio was also 
increased in PAH animals, which revealed the presence of RV hypertrophy. 
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Despite being in agreement with all of our data regarding hypertrophy and hypertrophy-
associated parameters measured, the model we’re using is associated with cachexia158 and 
because of that, we alternatively measured the RVW/TL ratio which is accepted as a reliable 
parameter for hypertrophy measurement159. The RVW/LV+SW ratio was consistent with the 
previously mentioned measurements. Lung edema and congestion is a consequence of PAH173 
and using the LW/TL ratio we observed an increase ratio in the MCT group, suggestive of PAH-
associated lung fluid retention. 
At the cellular level, our model of PAH developed cardiomyocyte hypertrophy, as 
measured by cardiomyocyte CSA. These effects were however reverted by UCN-2 
administration. The reversal of hypertrophy in response to treatment underlines the functional 
recovery observed with non-invasive and invasive hemodynamic measurements. The RV of 
treated animals is under attenuated pressure overload and therefore its adaptive hypertrophic 
response is decreased. Less muscle mass, less developed force and consequently, attenuated 
developed pressures and hypercontractile state. 
 
Expression of the UCN-2/CRHR2 in PAH and alterations with UCN-2 treatment 
Given that the used animal model of PAH is characterized by several structural and 
functional cardiac abnormalities over time, expressed by compensated RV hypertrophy at 2-3 
weeks and RH failure after 3-5 weeks170, 174 it seems relevant to search, between experimental 
groups, for possible differences in the expression of UCN-2 and its receptor, as well as the 
expression of genes encoding regulatory proteins relevant for ventricular contractile function. 
Moreover, these studies allowed us a better characterization of the variations occurring in the 
UCN-2/CRHR2 system and downstream signaling in the context of PAH and progression to HF, 
which can provide us an explanation for the alterations detected in the functional studies. 
UCN-2 and its receptor, CRHR2, have been implicated in several cardiovascular 
diseases91, 141, 149, 175. In spontaneously hypertensive rats, Nishikimi et al. described a higher 
UCN mRNA expression in hypertrophied LV than in normal LV, whereas CRHR2 expression was 
depressed103. Moreover, Emeto et al. demonstrated augmented expression of UCN-2 in 
biopsies from abdominal aortic aneurysm (AAA) and despite not being cardiac tissue, the same 
study also showed increased levels of UCN-2 in plasma samples of AAA patients, which are 
associated with this cardiovascular disorder141. Additionally, other group analyzed and 
compared the prognostic efficacy of both plasma UCN and NT-proBNP levels in acute 
myocardial infarction and correlated the high plasmatic UCN levels with increased mortality176. 
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In our study we also observed increased levels of UCN-2 mRNA expression and a sharp 
fall in the mRNA expression of the CRHR2 which complies with the studies cited above. In 
addition, UCN-2 levels also seem to correlate with increased morbidity and mortality176, 
despite its beneficial effects. In our study, the decreased levels of CRHR2 expression may be 
related with the increased UCN-2 expression in the RV, wherein by a mechanism of negative 
feedback, UCN-2 regulates CRHR2 mRNA expression. UCN-2 treatment was able to reduce 
UCN-2 endogenous expression and augment CRHR2 expression, normalizing both expressions 
to control levels. 
Taken together, these results suggest that increased UCN-2 in the RV from MCT animals 
may be associated with an adaptive process of the cardiac muscle. In consequence, one can 
predict that UCN-2 may play an important role in the pathophysiology of PAH and progression 
to HF. 
 
Increased expression of cardiac overload, hypertrophy and hypoxia markers in PAH was 
attenuated with UCN-2 treatment 
Neurohumoral activation is associated with RV dysfunction in PAH177 and growing 
evidences show that UCN-2 modulates the gene expression and/or the activity of several 
neurohumoral agents, such as ET-1 and BNP, involved in PAH and progression to HF90, 143. 
ET-1 plasmatic levels are elevated in PAH and are associated with disease severity27. In 
addition, its clearance from pulmonary arteries is reduced, promoting further 
vasoconstriction179. ET-1 levels are associated with the development of RV hypertrophy in 
MCT-induced PAH180 and its RV expression is increased in this experimental model181. 
Plasmatic BNP levels are associated with PH182 and increased in MCT-injected rats181. The 
production of BNP is stimulated in response to pressure-overload183 and is associated with the 
extent of RV dysfunction184. Moreover, NT-proBNP along with UCN-2 plasmatic levels holds an 
enhanced prognostic value, since their levels correlate with increased mortality, as previously 
cited176. 
In our study, both ET-1 and BNP mRNA expressions were augmented in PAH animals up 
to 3-fold and 15-fold, respectively. While UCN-2 treatment was able to attenuate ET-1 to 2-fold 
and BNP to 7-fold, in accordance with previous studies143, 178. 
Hypoxia-inducible factor 1 alpha (HIF-1α) is a heterodimeric subunit of the transcription 
factor HIF-1, which regulates the transcription of genes involved in adaptive responses to 
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hypoxia162. Chu et al. showed that HIF-1α overexpression promotes the development of 
cardiac hypertrophy via up-regulation of Ca+2-calcineurin under mild hypoxia conditions185. 
However, increased [Ca2+]i is not only associated with hypertrophy but also with apoptotic 
processes under severe hypoxia situation, given that some reports showed that HIF-1α 
overexpression promotes apoptosis of cardiac myocytes in the presence of severe hypoxia, 
especially when other cellular energy substrates are lacking186. In our study, RV HIF-1α 
expression was also increased in MCT animals and UCN-2 treatment was able to reverse HIF-
1α expression to control levels. The identification of a binding region for HIF-1α in human UCN-
2 gene that regulates transcription in response to hypoxia, explains why both levels of UCN-2 
and HIF-1α correlate. Buhler et al. proposed that the induction of hUCN-2 expression by low 
oxygen levels may confer to cardiac myocytes an advantage in ischemic conditions187. 
 
UCN-2 treatment reverses changes in markers of apoptosis in PAH 
Apoptosis is one of the major mechanisms causing cardiomyocyte loss in failing hearts of 
both human patients188 and animal models189. In turn, UCN-2 appears to have cardioprotective 
effects by preventing cardiomyocyte death175, 190, 191. 
Upon cleavage, caspase-3 is activated in the myocardium of end-stage HF patients192 
being also involved in the development of pressure overload-induced LV dysfunction, as well 
as hyperglycemia-induced myocardial apoptosis193. Studies that used the MCT-induced PAH 
model showed increased caspase-3 activation in those animals194, 195 and in myocardial 
infarction, the overexpression of this enzyme induced myofibrillar ultrastructural damage and 
when subjected to myocardial ischemia-reperfusion (I/R) injury, caspase-3 transgenic mice 
showed increased infarct size and a pronounced susceptibility to die196.  
Caspase-8, a cysteine protease, has the ability to activate downstream caspases, 
including caspase-3, and therefore it is critically involved in the regulation of cellular apoptosis, 
as well as necrotic cell death197. In human cardiomyocytes, iron-induced apoptosis was linked 
to increased levels of caspase-8198. In a mouse model of HF, the inhibition of Fas-associated 
death domain-containing protein (FADD) had a protective role in myocardial I/R injury and was 
correlated with increased caspase-8 activity and downstream caspase-3 activity197. 
In our study, the high detected mRNA levels of both caspase-3 and caspase-8 in the RV 
of the MCT rats were reverted by UCN-2 treatment which is consistent with other studies134, 199 
and confirms the hypothesis that UCN-2/CRHR2 system has anti-apoptotic proprieties. 
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UCN-2 treatment normalized the alterations in some elements of the UCN-2/CRHR2 signaling 
pathway seen in MCT animals 
In rats, the administration of MCT usually leads to cardiac hypertrophy that develops 
due to increasing oxidants, hemodynamic load and by inducing hypoxia. The mechanisms that 
lead to cardiac hypertrophy  and progression to HF involve the activation G-proteins, calcium 
signaling, PI3K, PKCs and MAPKs200. In this study one of our goals was to find which signaling 
pathways are deregulated in MCT-induced PAH animals and which are involved in UCN-2 
beneficial effects. 
ERK1/2 or p44/42 and p38 belong to the MAPK family and are activated in response to a 
wide range of extracellular stimuli including mitogens, growth factors and cytokines. When 
activated, they have the ability to regulate other kinases and several transcription factors163. 
Defects downstream of BMP signaling pathway, involving p38 and ERKs, have been linked to 
PAH201 and increased activation of ERK1/2 and p38 was found in lung tissue of MCT-induced 
PH model, while a suppression of this activation was observed with treatment202. 
On the other hand and for the first time, Kehat and Molkentin proposed that eccentric 
hypertrophy is induced by de-activation of the ERK pathway203 and Bartelds et al. confirmed it 
by observing a decrease in phosphorylated ERK1/2 in mice subjected to volume and pressure 
overload204. Furthermore, in a model of transverse aortic constriction (TAC) that resulted in 
late eccentric hypertrophy with eventual development of LV dysfunction, implicated the 
importance of ERK1/2 downregulation and enhanced cardiomyocyte apoptosis in the 
transition from compensated hypertrophy to HF205. 
In relation to p38, Pérez López et al. showed that the disruption of the AKAP/p38 
signaling complex inhibits compensatory hypertrophy in response to aortic banding-induced 
pressure overload and promotes early cardiac dysfunction associated with increased 
myocardial apoptosis and ventricular dilation206. 
In consequence, our decreased phosphorylation of both kinases in the RV of MCT 
animal’s is in accordance with previous studies, once at the time of sample collection, the MCT 
animals already showed an advanced stage of HF with evident RV dilation. In addition, the 
reversal of both kinases to its control levels comply with prior studies that showed a boost in 
the activation of both ERK 1/288 and p38 MAPK125, at this stage, upon UCN-2-binding to CRHR2, 
which accordingly to Bartelds et al. could be a mechanism to prevent the pressure-loaded RV 
from dilation204. 
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Akt or PKB is a serine/threonine kinase known by its critical and central regulatory role 
in several cellular processes such as cell survival and proliferation, glucose metabolism and 
cardiovascular homeostasis164. Akt is also a critical downstream element of the PI3K/Akt cell 
survival pathway, whose activity can be inhibited by Akt-mediated phosphorylation164. The 
PI3K/Akt pathway is also known to be activated by UCN-2116 and it’s particularly important in 
cardiac and skeletal muscle since it helps regulate PLB phosphorylation, along with PKA, 
controlling the inhibition of SERCA118. 
Although Akt was not significantly affected by any of the administered drugs (MCT and 
UCN-2) in resemblance with other studies202, 207. 
STAT3 is a transcription factor and an important signaling molecule for several cytokines 
and growth factor receptors, known for possessing an oncogenic potential and anti-apoptotic 
activities165. In myeloma tumor cells, the blocking of Jak-STAT pathway induces apoptosis, 
demonstrating that STAT3 signaling is essential for the survival of this type of cells
208. 
Akin to cancer, PAH is characterized by an imbalance between a proliferative and an 
apoptotic phenotype16. In PASMC proliferation is enhanced due to the activation of pro-
survival transcription factors, such as STAT3
209. And in fact, Courboulin et al. demonstrated that 
STAT3 phosphorylation was increased in PAH-PASMCs and that treatment with a STAT3 blocker 
reversed this state. 
However, in the cardiac tissue the opposite happens. Because the RV is not able to 
sustain long-term pressure overload, the cardiac contractile force decreases due to apoptosis 
and changes in cardiomyocytes, and eventually the RV dilates51. Following this notion, Chen-
Scarabelli et al. verified that cardiac cells incubated with UCN showed increased STAT3 
phosphorylation at Tyr705. Moreover, overexpression of STAT3 in cardiac myocytes pretreated 
with UCN presented a reduced magnitude of cell death, when compared with UCN treatment 
alone. While transfection of cells with a mutant STAT3 (loss of function) enhanced the extent of 
cell death in a dose-dependent manner210. 
Hereupon, the increased STAT3 phosphorylation in the RV of the MCT treated animal’s 
match what has been previously described for the cardiomyocytes, demonstrating the 
cardioprotective effect and anti-apoptotic proprieties of UCN-2. 
The increased expression of CRHR2 in the RV of MCT animals, obtained by western blot 
analysis, contrarily to its mRNA expression, may be related with our decreased activation of 
ERK1/2, since according to Markovic et al., the endocytosis of CRHR2 appears to be regulated 
by ERK1/2 direct phosphorylation of β-arrestin1 in an auto-regulatory mechanism that 
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influences the rate and extent of β-arrestin1 recruitment to the plasma membrane and 
interaction with CRHR2
112. Thus, the elevated presence of CRHR2 in the RV from MCT animals 
could be associated with the deregulation seen in the pathway that leads to receptor 
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In short, we show for the first time, in an experimental model of MCT-induced PAH, that 
UCN-2 treatment is able to restore PAH-induced severe abnormalities in cardiac function and 
structure, while attenuating or reversing the expression of markers of cardiac overload, 
hypertrophy, hypoxia and apoptosis. We also demonstrated that the UCN-2 beneficial effects 
are associated and involve the modulation of several signaling pathways downstream CRHR2 
activation. 
PAH is a chronic syndrome that is frequently diagnosed in a later stage, where HF is 
already settled. Therefore our approach adds the benefit of a more practical and clinical 
relevant therapy, since we begin the treatment after PAH was established.  
The UCN-2 and its receptor have been studied in the cardiovascular system, but 
research so far has failed to determine its effects on both normal and diseased RV physiology. 
With this study, we demonstrated the effects of an increase in UCN-2 levels through 
exogenous administration of the peptide, which has shown that specific activation of CRHR2 
mediates several compensatory mechanisms that ameliorate the dysfunction and structural 
abnormalities associated with PAH and RVF. 
However, it is also important to take into account that the animal model used in the 
present study does not mimic entirety human PH or PAH, nevertheless it has several 
pathophysiological alterations in common that allow us to enthusiastically point UCN-2 as a 
possible novel therapeutic approach for this incurable and with an uncertain prognosis 
disease. 
In fact, we hope to have opened the road for further basic and translational research 
that could possibly lead to the establishment of UCN-2 as a novel and safe therapeutic agent 
for treating patients with PAH and RVF. 
In spite of these results, further research is needed in order to determine specifically 
where UCN-2 plays its major role. The ventricular function is altered, but since in this model RV 
dysfunction and HF is secondary to PAH, we cannot ascertain whether RV function and 
structure improvement is secondary to pulmonary vascular functional enhancement and 
therefore decreased vascular resistances, or if UCN-2 has a direct effect on the ventricle which 
by itself is capable of leading to the changes we observed. In the future, in order to 
differentiate indirect from direct myocardial effects of UCN-2 treatment, we predict the use of 
an animal model of RV overload. 
Beyond RV function and structure, we intent do access pulmonary function and 
structure as well, by in vitro (vascular ring preparations) and histological studies. Moreover, 
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our molecular results here described will allow us to design and perform further studies in 
order to unravel more signaling pathways underlying the beneficial effects of UCN-2/CRHR2 
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